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abstract
The r e s p o n s e  o f  J o s e p h s o n  j u n c t i o n s  t o  microwave and  f a r  
i n f r a r e d  r a d i a t i o n  i s  s t u d i e d .  J u n c t i o n s  a r e  formed by p r e s s i n g  a  
Nb or' Nb-Ti p o i n t e d  w i re  o n to  a  Nb t h i n  f i l m  which i n  t u r n  i s  
p r e s s e d  a g a i n s t  t h e  open end o f  a  w av eg u id e .  E l e c t r o m a g n e t i c  r a d i a t i o n  
i s  a p p l i e d  th r o u g h  th e  back o f  t h e  f i l m  so t h a t  o n l y  t h e  wave m a g n e t i c  
i’i e l d  i s  c oup led  to  th e  j u n c t i o n .  The ch an g e  o f  t h e  d . c .  J o s e p h s o n  
c u r r e n t  i s  m o n i t o r e d  a t  d i f f e r e n t  l e v e l s  o f  microwave power  o v e r  
a  f r e q u e n c y  ran g e  from 22GHz t o  lO^GHz. The d ependence  o f  t h e  
r e s p o n d v i  ty  o f  t h e s e  c u r r e n t s  on f i l m  t h i c k n e s s  o v e r  a  r a n g e  from 
SO? to jOOft i s  s t u d i e d .  The o b s e r v e d  r e s p o n s i v i t y  a g r e e s  ve ry  w e l l  
w i th  t h a t  p r e d i c t e d  by t h e o r y .  H ig h e r  r e s p o n s i v i t y  i s  o b s e r v e d  f o r  
t h i n n e r  f i l m s  and lo w er  mic rowave f r e q u e n c i e s .  The o b s e r v e d  r e s p o n ­
s i v i t y  o f  a  qO?i f i l m  j u n c t i o n  a t  22GHz i s  (6+3) x 10 ^ V o l t / W a t t .
To f a c i l i t a t e  c o m p ar i so n  o f  o u r  r e s u l t s  w i t h  o t h e r  e x p e r i m e n t s ,  
a n o t h e r  c o u p l i n g  c o n f i g u r a t i o n  i n  which t h e  wave e l e c t r i c  f i e l d  
r a t h e r  than  th e  wave m ag n e t ic  f i e l d  i s  c o u p l e d  to  t h e  j u n c t i o n  i s  
s t u d i e d .  The r e s u l t s  a r e  c o m p a r a b le  w i t h  o t h e r  e x p e r i m e n t s .
However,  t h e  r e s p o n s i v i t y  i n  t h e  E f i e l d  c o u p l i n g  i s  fo u n d  t o  be 
10 t im e s  more t h a n  t h a t  i n  t h e  B f i e l d  c o u p l i n g  c o n f i g u r a t i o n .
-f
Two m ethods  to  improve t h e  r e s p o n s i v i t y  i n  t h e  B f i e l d  c o u p l i n g
c o n f i g u r a t i o n  a r e  s u g g e s t e d .
v i i i
CHAPTER I
INTRODUCTION
I n  196^  J o s e p h s o n ’* p r e d i c t e d  two r e m a r k a b l e  phenom ena  
o c c u r r i n g  b e tw e e n  two s u p e r c o n d u c t o r s  s e p a r a t e d  by a  t h i n  I n s u l a t i n g  
b a r r i e r .  The f i r s t  one  i s  t h a t  i f  t h e  b a r r i e r  i s  t h i n  e n o u g h  a  
f i n i t e  c u r r e n t  c an  f l o w  a c r o s s  t h e  b a r r i e r  w i t h o u t  c a u s i n g  a  
v o l t a g e  to  d e v e l o p  a c r o s s  t h e  b a r r i e r .  T h i s  c u r r e n t ,  c a l l e d  t h e  
d . c .  J o s e p h s o n  c u r r e n t ,  d e p e n d s  on  t h e  p h a s e  d i f f e r e n c e  b e t w e e n  t h e  
two m a c r o s c o p i c  q u a n tu m  m e c h a n i c a l  w a v e f u n c t i o n s  r e p r e s e n t i n g  t h e  
s t a t e s  o f  t h e  two s u p e r c o n d u c t o r s  a n d  i s  a  p e r i o d i c  f u n c t i o n  o f  t h e  
m a g n e t i c  f l u x  t h r e a d i n g  t h e  b a r r i e r .  The s e c o n d  phenomenon i s  t h a t  
i f  a  v o l t a g e  d i f f e r e n c e  i s  m a i n t a i n e d  a c r o s s  t h e  b a r r i e r ,  eui 
o s c i l l a t i n g  c u r r e n t  w i t h  a  f r e q u e n c y  p r o p o r t i o n a l  t o  t h e  v o l t a g e  
d i f f e r e n c e  w i l l  a p p e a r  a c r o s s  t h e  b a r r i e r .  T h e s e  two phenomena a r e  
known a s  t h e  d . c .  a n d  a . c .  J o s e p h s o n  e f f e c t s  a n d  any  e l e m e n t  o f  a  
d e v i c e  t h a t  e x h i b i t s  t h e s e  e f f e c t s  i s  c a l l e d  a  J o s e p h s o n  j u n c t i o n .
One o f  t h e  m o s t  p r o m i s i n g  a p p l i c a t i o n s  o f  t h e  J o s e p h s o n
e f f e c t s  i s  in  t h e  d e t e c t i o n  o f  m ic ro w a v e  a n d  f a r  i n f r a r e d  r a d i a t i o n .
2 -  SA nu m b er  o f  e x p e r i m e n t s  h a v e  d e m o n s t r a t e d  t h a t  J o s e p h s o n  
j u n c t i o n s  a r e  h i g h l y  s e n s i t i v e  a n d  v e r y  f a s t  d e t e c t o r s  i n  t h e  
m ic ro w a v e  and  f a r  i n f r a r e d  r e g i o n .  Most  o f  t h e s e  e x p e r i m e n t s  a r e  
p e r f o r m e d  w i t h  t h e  j u n c t i o n  p o s i t i o n e d  i n s i d e  a  w a v e g u i d e  o r  l i g h t  
p i p e  o r  a  r e s o n a n t  c a v i t y  i n  s u c h  a  way t h a t  t h e  r a d i a t i o n
2e l e c t r i c  f i e l d  i s  t i g h t l y  c o u p l e d  t o  t h e  j u n c t i o n .  T h i s  o s c i l l a t i n g  
e l e c t r i c  f i e l d  i n d u c e s  a  v o l t a g e  a c r o s s  t h e  j u n c t i o n  w h ich  i n  t u r n  
m o d u l a t e s  t h e  d . c .  J o s e p h s o n  c u r r e n t  and  m ixes  w i t h  t h e  a . c ,
J o s e p h s o n  c u r r e n t  by c a u s i n g  a  p h a se  c h a n g e  a c r o s s  t h e  j u n c t i o n .
T h i s  i n t e r a c t i o n  r e s u l t s  i n  a  m o d i f i c a t i o n  o f  t h e  j u n c t i o n  v o l t a g e -  
c u r r e n t  c h a r a e t e r i s t i c , t h e  ch an g e  o f  w h ic h  i n d i c a t e s  t h e  p r e s e n c e  
o f  e x t e r n a l  r a d i a t i o n .  However ,  i n  o r d e r  t o  c a l c u l a t e  t h e  
j u n c t i o n  r e s p o n s e  i n  t h i s  method o f  c o u p l i n g  one  h a s  t o  g u e s s  j u s t  
what, t h e  f i e l d s  a r e  a t  t h e  j u n c t i o n  from a knowledge  o f  t h e  u n p e r ­
t u r b e d  f i e l d s  b e c a u s e  t h e  f i e l d s  at. t h e  j u n c t i o n  a r e  n o t  p r e c i s e l y  
known.
In  t h i s  d i s s e r t a t i o n  we a r e  p e r f o r m i n g  an e x p e r i m e n t  t o  
s t u d y  t h e  r e s p o n s e  o f  a  p o i n t  c o n t a c t  J o s e p h s o n  j u n c t i o n  t o  
m ic row ave  and  f’a r  i n f r a r e d  r a d i a t i o n  i n  a  c o n f i g u r a t i o n  w here  t h e  
e l e c t r o m a g n e t i c  f i e l d s  a t  t h e  j u n c t i o n  a r e  p r e c i s e l y  known.  Thus 
t h e o r y  and  e x p e r i m e n t  can be q u a n t i t a t i v e l y  c o m p ared .  I n  t h i s  
method o f  c o u p l i n g  a  p o i n t  c o n t a c t  i s  made t o  a  t h i n  f i l m  o f  a  
s u p e r c o n d u c t o r  w h ic h  i n  t u r n  i s  p l a c e d  a c r o s s  t h e  o pen  end  o f  a 
w a v eg u id e  o r  l i g h t  p i p e .  R a d i a t i o n  i s  com ing  from t h e  b a c k  s i d e  
o f  t h e  f i l m .  A c c o r d i n g  t o  t h e  London t h e o r y  o f  s u p e r c o n d u c t i v i t y ,  
t h e  e l e c t r i c  and  m a g n e t i c  f i e l d s  o f  t h e  r a d i a t i o n  p e n e t r a t e  i n t o  
a s u p e r c o n d u c t o r  t.o a  t h i c k n e s s  o f  t h e  o r d e r  o f  a  p e n e t r a t i o n  d e p t h .
I f  t h e  f i l m  i s  made t h i n  enough  a  s u b s t a n t i a l  p a r t  o f  t h e  
r a d i a t i o n  m a g n e t i c  f i e l d  w i l l  be  c o u p l e d  t o  t h e  j u n c t i o n . I h i s  
h i g h  f r e q u e n c y  m a g n e t i c  f i e l d  c a u s e s  I n d u c e d  c u r r e n t s  i n  t h e  
f i l m  which  i n  t u r n  i n t e r a c t  w i t h  t h e  J o s e p h s o n  c u r r e n t s  r e s u l t i n g
i n  a m o d i f i c a t i o n  o f  t h e  j u n c t i o n  v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c  
i n  much t h e  same way a s  i n  t h e  e l e c t r i c  f i e l d  c o u p l i n g  c a s e .
However,  i n  t h i s  c a s e  t h e  p h a se  change  a c r o s s  t h e  j u n c t i o n  i s  
caused  by the  m a g n e t i c  f l u x  t h r e a d i n g  t h e  j u n c t i o n .
I n  o r d e r  t o  compare o u r  r e s u l t s  i n  t h i s  c o u p l i n g  scheme
2  i*. 5
t o  the  r e s u l t s  o f  t h e  o t h e r  e x p e r i m e n t s  ' ' we have  a l s o
p e r fo rm ed  a n o t h e r  e x p e r im e n t  w i t h  t h e  j u n c t i o n  p o s i t i o n e d  a c r o s s  
a  waveguide  so t h a t  t h e  r a d i a t i o n  e l e c t r i c  f i e l d  i s  c o u p l e d  t o  
the  j u n c t i o n .  The j u n c t i o n  r e s p o n s e  i n  b o t h  c o u p l i n g  c o n f i g u r a t i o n s  
a r e  s t u d i e d  o v e r  a  f r e q u e n c y  r a n g e  from 22GHz t o  105GHz. The 
r e s u l t s  and  d i s c u s s i o n  a r e  p r e s e n t e d  i n  C h a p t e r  IV o f  t h i s  
d i s s e r t a t i o n .
In  t h e  f i r s t  h a l f  o f  C h a p t e r  I I  t h e  b a s i c  t h e o r y  o f  t h e  
J o s e p h so n  e f f e c t s  i s  d i s c u s s e d .  I n  t h e  s e c o n d  h a l f  o f  C h a p t e r  I I ,  
t h e  b a s i c  e q u a t i o n s  f o r  b o th  c o u p l i n g  schemes  a r e  d e r i v e d .  Chap­
t e r  I I I  c o n c e r n s  w i t h  a  d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l  t e c h n i q u e s ,  
sample  p r e p a r a t i o n  and t h e  a p p a r a t u s .  I n  C h a p t e r  V, t h e  f i n a l  
c h a p t e r ,  c o n c l u s i o n  and  s u g g e s t i o n s  f o r  f u t u r e  e x p e r i m e n t s  w i l l  
be  g i v e n .
CHAPTER II
THE JOSEPHSON EFFECTS AND FAR INFRARED DETECTION
In  t h i s  c h a p t e r  a  m a c r o s c o p ic  d e r i v a t i o n  o f  t h e  J o s e p h s o n  
e q u a t i o n s  b a se d  on p h e n o m e n o l o g ic a l  t h e o r i e s  i s  g i v e n .  P r o c e e d i n g  
t h i s  i s  a  s h o r t  summary o f  t h e  p h e n o m e n o l o g ic a l  t h e o r y  o f  s u p e r ­
c o n d u c t i v i t y ,  c o n t a i n i n g  some t o p i c s  from t h e  London^ and  G in z b u rg -
V 6  XI 12Landau t h e o r y  , namely  th e  H e i s s n e r  e f f e c t  ( f l u x  q u a n t i z a t i o n  '
7 14and the  d e r i v a t i o n  o f  th e  b a s i c  e q u a t i o n s  o f  J o s e p h s o n  t u n n e l i n g  *
T h i s  summary s e r v e s  t o  f a c i l i t a t e  t h e  d i s c u s s i o n  o f  t h e  d . c .  and
i i „ „ , 13»a . c .  J o s e p h s o n  e f f e c t s
The p r o p e r t i e s  o f  a  s i n g l e  s u p e r c o n d u c t i n g  p o i n t  c o n t a c t
w i l l  be  d i s c u s s e d  i n  s e c t i o n  E. S p e c i a l  a t t e n t i o n  w i l l  be  p a i d
to  t h e  r e s i s t i v e - s u p e r c o n d u c t i v e  r e g i o n  and  t h e  c u r r e n t - v o l t a g e
c h a r a c t e r i s t i c .  The p o i n t  c o n t a c t  w i l l  be  t r e a t e d  u s i n g  a  two-
f l u i d  model in  which t h e  t o t a l  c u r r e n t  i s  t h e  sum o f  a n  i d e a l
J o s e p h so n  s u p e r c u r r e n t  and  a  no rm a l  c u r r e n t .  The i n f l u e n c e  o f
a  s h u n t  c a p a c i t a n c e  and  a  s e r i e s  i n d u c t a n c e  w i l l  be t a k e n  i n t o
a c c o u n t .
In  s e c t i o n  F, t h e  f a r  i n f r a r e d  d e t e c t i o n  p r o p e r t i e s  o f  a 
s u p e r c o n d u c t i n g  p o i n t  c o n t a c t  w i l l  be  s t u d i e d  i n  two d i f f e r e n t  
c o u p l i n g  c o n f i g u r a t i o n s .  I n  one o n l y  t h e  r a d i a t i o n  m ag n e t ic  f i e l d  
i s  c o u p le d  and  in  th e  o t h e r  an  e l e c t r i c  f i e l d  i s  im p r e s s e d  a c r o s s
the  j u n c t i o n .
4
5F i n a l l y ,  s e c t i o n  G d e a l s  Kith the penetration depth o f  a  
s u p e r c o n d u c t i n g  t h i n  f i l m  i n  relation w i t h  its electronic mean 
f r e e  p a t h .  T h i s  h a s  a p p l i c a t i o n  t o  t h e  magnetic f i e l d  c o u p l i n g
scheme d i s c u s s e d  i n  s e c t i o n  E.
A. The M e i s s n e r  E f f e c t  and  F l u x  Q u a n t i z a t i o n
A c c o r d i n g  t o  London^ ,  t h e  e s s e n t i a l  f e a t u r e  o f  s u p e r f l u i d i t y
( s u p e r c o n d u c t i v i t y )  i s  a  c o n d e n s a t i o n  o f  a  m a c r o s c o p i c  number  o f
p a r t i c l e s  i n  t h e  same s i n g l e  q u a s i - p a r t i c l e  quantum s t a t e .  Such
a c o n d e n s a t i o n  c a n  be u s u a l l y  d e s c r i b e d  by an  i n t e r n a l  o r d e r
p a r a m e t e r .  The o r d e r  p a r a m e t e r  i s ,  a c c o r d i n g  t o  t h e  p h eno-s
7
m e n o l o g l c a l  t h e o r y  o f  G in z b u r g  a n d  Landau  , a  com plex  q u a n t i t y
whose p r o p e r t i e s  a r e  s i m i l a r  t o  t h o s e  o f  t h e  w a v e f u n c t i o n  o f  t h e
m a c r o s c o p i c a l l y  o c c u p i e d  s i n g l e  q u a s i - p a r t i c l e  quan tum  s t a t e *
T h i s  complex  o r d e r  p a r a m e t e r  ^  c an  b e  r e p r e s e n t e d  by i t ss
a m p l i t u d e  0O ( r f t )  a n d  i t s  p h a s e  V ( r , t ) i n  t h e  f o l l o w i n g  wayt
= * c ( r ,  t ) « l v  ( r ,  t )  ( 1 )
6 2 I n  t h e  G in z b u r g - L a n d a u  t h e o r y  , t h e  s q u a r e  o f  t h e  a m p l i t u d e  | j
i s  i n t e r p r e t e d  a s  t h e  c h a r g e  d e n s i t y  P  s  (T )  o f  t h e  s u p e r c o n d u c t i n g
e l e c t r o n s  a t  a  g i v e n  t e m p e r a t u r e  T, w h ic h  i s  I d e n t i c a l  t o  t h e
i n t e r n a l  o r d e r  p a r a m e t e r  o f  t h e  two f l u i d  model  o f  G o r t e r  and
0
G a s i m i r .  H ence ,
I I 2 ~ P a  ( T )  ( 2 )
I6
Eq. ( 1 )  c an  be r e w r i t t e n  a s
f e -  [ / > „ < ? .  ( 3 )
The a b s o l u t e  p h a se  V("?t t )  i s  n o t  a n  o b s e r v a b l e  q u a n t i t y ,  
b u t  t h e  g r a d i e n t  o f  t h e  p h ase  i s  a s  we w i l l  show l a t e r .
A c c o rd in g  t o  t h e  G in z b u rg -L an d a u  t h e o r y ,  t h e  c u r r e n t  
d e n s i t y  j s  i s  r e l a t e d  to  t h e  p r o b a b i l i t y  c u r r e n t  d e n s i t y  o f  
quantum m e c h a n ic s  i n  t e r m s  o f  t h e  w a v e f u n c t i o n  ^  o f  t h i s  s i n g l e  
q u a s i - p a r t i c l e  quantum s t a t e  by  t h e  f o l l o w i n g  e x p r e s s i o n ,  which 
i s  j u s t  t h e  c u r r e n t  o p e r a t o r  o f  e l e m e n t a r y  quantum m e c h a n ic s ,
■ m ( i 1 h ( -  y „ * v ^ s > - 1  * | v 8 | 2 } w
The c h a r g e  q i n  Eq. ( 4 )  i s  e q u a l  t o  t w i c e  t h e  c h a r g e  o f  a  f r e e
e l e c t r o n  b e c a u s e  bound e l e c t r o n  p a i r s  a r e  i n v o l v e d  i n  t h e  o r d e r i n g
p r o c e s s  a c c o r d i n g  t o  th e  m i c r o s c o p i c  t h e o r y  o f  B a r d e e n ,  Cooper  and
q
S c h r i e f f e r .  The mass  m i s  v e r y  n e a r l y  e q u a l  t o  tw i c e  t h e  mass 
o f  a  f r e e  e l e c t r o n .  S u b s t i t u t i n g  Eq. ( 3 ) i n t o  Eq. (4-) ,  we g e t
V m i 2 4 l v v  . i  n - I V ' j 2 ».-/■. V. (5)
where v I s  t h e  v e l o c i t y  o f  t h e  s u p e r c o n d u c t i n g  e l e c t r o n s .  Proms
Eq. ( 5 )  on e can d e f i n e  t h e  f u n d a m e n t a l  r e l a t i o n  f o r  t h e  g e n e r a l i z e d
—*
d y n a m ic a l  momentum P o f  t h e  s u p e r c o n d u c t i n g  p a i r s8
P ^ s m i / g  + q "A = ^  V ( 6 )
Tak in g  t h e  c u r l  o f  E q . ( 6 )  t h e  London^ r e l a t i o n  i s  o b t a i n e d
5  x = o ( ? )
H eca l l  the  Maxwell e q u a t i o n s  V  x "2 = -  and  V x  B * JA-o j
-* -f
where the  t o t a l  c u r r e n t  j  i s  d iv id e d  i n t o  two p a r t s t  j  = j  + js  n
The normal c u r r e n t ,  j  , obeys Ohm's lawi ~j = (r2 where O ' i sn n
the c o n d u c t i v i t y  in th e  s u p e r c o n d u c t in g  s t a t e .  Jombining Eq. (8 )  
wi th  the  above e q u a t i o n s  we o b ta in  t h e  r e l a t i o n s h i p  between th e  
t o t a l  c u r r e n t  d e n s i t y  and th e  magnet ic  i n d u c t i o n
- 7 x -  i  p_ b + <r (9)
m s
E l i m i n a t i n g  j  from Eq. (9 )  and th e  f i r s t  Maxwell e q u a t io n  l i s t e d  
above we o b t a i n  the f o l l o w i n g  e q u a t i o n :
V x  ( P x l )  + u. ^ p  b + >u < r | f  = 0 (10)v - c o r n ' s  ■'o 3 t
S in ce  ^  1 B r  0 we can w r i t e  Eq. (10) i n  th e  form*
.  A ( P | |  (11)
Note t h a t  the  two terms on th e  r i g h t - h a n d  s i d e  o f  t h i s  e q u a t i o n
correspond  to  the  c o n t r i b u t i o n s  o f  t h e  s u p e r c u r r e n t  j  and  th es
normal c u r r e n t  j  r e s p e c t i v e l y .  S in ce  7  x j  = -  — /  "3 and „ n J s  m '  s
*“• “• 3BV x J n = • t *le s h a r e  each  o f  th e  two c u r r e n t s  i n  an
a l t e r n a t i n g  f i e l d  o f  f r eq u en cy  *>/2'h i s  g iven  by the  p ro p o r t io n *
8F o r  q u a s i  s t a t i o n a r y  c o n d i t i o n s ,  t h a t  i s ,  a s  l o n g  a s  W s a t i s f i e s  
t h e  i n e q u a l i t y  «  «  ( -  10^2 s e c -1  ) t h e  n o rm a l  c u r r e n t  i s
n e g l i g i b l y  s m a l l  i n  c o m p a r i s o n  w i t h  t h e  s u p e r c u r r e n t .
A c c o r d i n g l y  f o r  q u a s i s t a t i o n a r y  f i e l d s  we h a v e i
7~* ^  f \V B = 3 ^ 7  ( 1 2 a )
L
where
v 2 m \ T a — --------
L / * o f S <1
i s  d e f i n e d  a s  t h e  London p e n e t r a t i o n  d e p t h .  I t  i s  shown by Londonw 
t h a t  t h e  r e g u l a r  s o l u t i o n  o f  Eq. ( 1 2 a )  i s  s a t i s f i e d  by t h e  C a r t e s i a n  
co m p o n en t s  o f  t h e  m a g n e t i c  f i e l d ,  i . e . ,
*B (x )  = ~B ( 0 )  e _x/ ^ L (13 )
Eq. ( 1 3 )  a c c o u n t s  f o r  t h e  M e i s s n e r  e f f e c t i  the  m a g n e t i c  f i e l d  
d e c r e a s e s  v e r y  r a p i d l y  a s  one  r e c e d e s  f rom  t h e  s u r f a c e  t o w a r d  t h e  
i n t e r i o r  o f  t h e  s u p e r c o n d u c t o r .  At a  d e p t h  s e v e r a l  t i m e s  g r e a t e r  
th a n  X  l » t h e  m a g n e t i c  f i e l d  I s  p r a c t i c a l l y  Note  a l s o
t h e  f a c t  t h a t  even  i f  t h e  m a g n e t i c  f i e l d  was a l r e a d y  i n s i d e  t h e  
m e t a l  b e f o r e  c o o l i n g  t h r o u g h  th e  c r i t i c a l  t e m p e r a t u r e ,  t h e  m a g n e t i c  
f i e l d  i s  e x p e l l e d  below t h e  c r i t i c a l  t e m p e r a t u r e .
C o n s i d e r  a  m u l t i p l e - c o n n e c t e d  s u p e r c o n d u c t i v e  r e g i o n  
i n s t e a d  o f  a  s i m p l y - c o n n e c t e d  r e g i o n ,  f o r  i n s t a n c e  a  s u p e r c o n d u c t i n g  
c y l i n d e r  whose t h i c k n e s s  I s  l a r g e  c o m p ar ed  to  t h e  p e n e t r a t i o n  
d e p t h .  One f i n d s  t h a t  a l t h o u g h  e v e r y w h e r e  i n  t h e  s u p e r c o n d u c t o r  
Y x  i \ .  0 , t h e  c i r c u l a t i o n  o f  t h e  g e n e r a l i z e d  d y n a m i c a l  momentum
9a r o u n d  t h e  h o l e  o f  t h e  c y l i n d e r  I s  q u a n t i z e d ,  ^  P s d s  = nh , 
and i s  a l s o  r e l a t e d  t o  t h e  m a g n e t i c  f l u x  $  e n c l o s e d  by  t h e  h o l e  
( s e e  F i g .  l ) . S i n c e  t h e  w a v e f u n c t i o n  i s  s i n g l e - v a l u e d  a t
e a c h  p o i n t  i n  t h e  s u p e r c o n d u c t o r ,  t h e  p h a s e  must  g i v e  t h e  same 
v a l u e  f o r  t h e  w a v e f u n c t i o n  a s  one  g o e s  a r o u n d  t h e  c y l i n d e r  a n d
comes b a ck  t o  t h e  s t a r t i n g  p o i n t .  Hence ,
i ^ d v 1 = 2n*Jl (n  = any  i n t e g e r ) .J b
I n s i d e  t h e  b u l k  o f  t h e  s u p e r c o n d u c t o r  0 , h e n c e  Eq. ( 6 )
g i v u g :
P s  = q A = f t W  ( l ^ )
and  t h e  m a g n e t i c  f l u x  $ e n c l o s e d  by  t h e  h o l e  i s  e q u a l  t o i
$ = Bn da  = f  As  d s  = — £ s  Ps  d s  = — ^  s  d V  = n -fr ( 1 5 )* * * s fi qa  “
I'hus t h e  m a g n e t i c  f l u x  t r a p p e d  by  a  s u p e r c o n d u c t i n g  c y l i n d e r  i s  
q u a n t i z e d  i n  u n i t s  o f  h / q .  The q u a n t i z a t i o n  o f  f l u x  i s  f i r s t  
p r e d i c t e d  i n  19^6 by F.  L o n d o n .^  The am ount  o f  t r a p p e d  f l u x  h a s
been  e x p e r i m e n t a l l y  found  to  be  q u a n t i z e d  i n  u n i t s  h / 2 e  by
11 12 D e av e r  and  F a i r b a n k  and D o l l  and  N a b au e r  i n  1 9 ^ 1 ,  t h u s
v e r i f y i n g  th e  BCS t h e o r y .  F o r  a  c l o s e d  p a t h  i n  a  r e g i o n  o f  n o n ­
z e r o  c u r r e n t  ( "vs  ^ 0 ) one h a s  f l u x o i d  q u a n t i z a t i o n ^
1  P s  d s  = - l i  v d s + i  A d s -  — f  v d s  + J  = n — ( l 6 )q J  -  s  4 J s  s  T s s  q 3 s  s  1 q  v
I t  f o l l o w s  f rom  Eq, ( l 6 )  t h a t  i f  a  m a g n e t i c  f i e l d  B i s  a p p l i e d
t h r o u g h  th e  h o l e  ( a r e a  a ) o f  t h e  c y l i n d e r  i n  F i g .  1 i n  t h e  n o rm a l
10
Figure I. The path of integration T inside a 
superconducting cylinder.
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s t a t e  and th e  c y l i n d e r  i s  s u b s e q u e n t l y  c o o l e d  i n t o  t h e  s u p e r ­
c o n d u c t i n g  s t a t e ,  a  p e r s i s t e n t  c i r c u l a t i n g  c u r r e n t  I c i r c  ^
induced  i n  t h e  c y l i n d e r  i n  su ch  a  way t h a t  t h e  t o t a l  f l u x  e n c l o s e d  
by the  c y l i n d e r  i s  q u a n t i z e d :  BA + L I c i r c  = n ( h / q ) ,  i n  which L
i s  th e  s e l f - i n d u c t a n c e  o f  th e  c y l i n d e r .
B. D e r i v a t i o n  o f  t h e  B a s ic  E q u a t i ons  f o r  J o s e p h s o n  T u n n e l i n g
In  1962 J o se p h s o n ^  p r e d i c t e d  a  new t y p e  o f  t u n n e l i n g  which 
became l a t e r  known a s  J o s e p h s o n  t u n n e l i n g .  I f  two s u p e r c o n d u c t o r s  
a r e  s e p a r a t e d  from e ac h  o t h e r  by a  s u f f i c i e n t l y  t h i c k  b a r r i e r  
( i n s u l a t o r ,  s e m i c o n d u c t o r ,  normal  m e ta l  o r  even  a  d i f f e r e n t  
s u p e r c o n d u c t o r )  th e n  th e  w a v e f u n c t i o n s  on t h e  two s i d e s  a r e  n o t  
r e l a t e d  i n  any way. The p h a s e s  a r e  i n d e p e n d e n t  o f  e a c h  o t h e r .
I f  t h e r e  I s  no b a r r i e r  a t  a l l ,  t h a t  i s ,  we h a v e  one s i n g l e  b l o c k  
o f  s u p e r c o n d u c t o r ,  t h e n  t h e  r e l a t i v e  p h a s e s  a r e  f i x e d  a t  e ach  
p o i n t .  When t h e  b a r r i e r  i s  t h i n  t h e  w a v e f u n c t i o n s  on t h e  two s i d e s  
o f  t h e  b a r r i e r  a r e  i n  a  c e r t a i n  s e n s e  c o u p l e d  t o  e ach  o t h e r .  The 
phenomena a s s o c i a t e d  w i t h  t h e s e  w e a k l y - l i n k e d  s u p e r c o n d u c t o r s  a r e  
g e n e r a l l y  r e f e r r e d  to  a s  t h e  " J o s e p h s o n  e f f e c t s . "
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We s h a l l  f o l l o w  Solymar* s  a p p r o a c h  I n  i n v e s t i g a t i n g  a  
s im p le  g e o m e t r i c a l  c a s e  a s  shown i n  P i g .  2 where t h e  b a r r i e r  i s  
f l a t  and i n f i n i t e l y  t h i n .  The two s u p e r c o n d u c t o r s  e x t e n d  from 
z = -  »  t o  0 and  from 0 t o  + •  r e s p e c t i v e l y .  The b a r r i e r  l i e s  
in t h e  z ~ 0 p l a n e  and t h e  two s i d e s  w i l l  t e  r e f e r r e d  t o  p o i n t s  a t  
z = +0 and  7. = - 0  r e s p e c t i v e l y .








Figure 2. Schematic drawing of a Josephson Junction.
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( i )  $ ( x , y , n , t )  = ^ ( x , y , + 0 , t )  - ^ ( x , y , - 0 , t ) ,  t h e  change i n  t h e
phase  o f  th e  wavefunc t ion  a s  one c r o s s e s  t h e  b a r r i e r  from 
n e g a t i v e  7. to  p o s i t i v e  z;
( i i )  Bx ( x , y , t )  and By ( x , y , t )  t h e  components o f  th e  t a n g e n t i a l
magnet ic  f i e l d  in  th e  b a r r i e r ;
( i i i )  V ( x , y , t ) ,  the  p o t e n t i a l  d i f f e r e n c e  a c r o s s  th e  b a r r i e r ;  and
( i v )  j z  ( x , y t t ) ,  th e  c u r r e n t  d e n s i t y  th rb u g h  th e  b a r r i e r .
A r e l a t i o n s h i p  between t h e  c u r r e n t  d e n s i t y  f lo w in g  in t h e  
s u p e r c o n d u c to r  and the  g r a d i e n t  o f  the  phase  o f  t h e  wavefunc t ion  
in the  p resence  o f  a  magnet ic  f i e l d  i s  p r o v id e d  by Eq. ( 5 ) 1
W  ( X +  - ? L  7  )  ( 5 )
ft v q /> s  s
which i s  v a l i d  in the  s u p e r c o n d u c to r  b u t  n o t  in th e  b a r r i e r .  Next
we need to d e r i v e  an e x p r e s s io n  r e l a t i n g  t h e  v a lu e s  o f  $ a t
two p o i n t s  o f  th e  b a r r i e r ,  and P2 . D enot ing  th e  c o o r d i n a t e s  o f
th e  p o i n t s  by (x^ ,  , 0) and ( x 2 , y2i 0) r e s p e c t i v e l y ,  we may
wri t e :
♦ ( * 1 ) - $ (P 2) " +° )  -  y r  -o') -
v ( x 2> y 2> +0) + ^ ( x g .  y2 , -0 )  ( l ? )
I n t e g r a t i n g  W  a lo n g  th e  c u r v e s  T_  and T + (F ig .  3) we g e t ;
v - ds - ‘v>( x2* y2* yi* “°^
arid
Ir  VV • ds  V (x x, y l t  +0) - v ( x2 - y 2 - +°) ( x9)
1A
Z < 0 Z > 0
r
Thin Barrier
Figure 3. Integration contour used to evaluate 
the space  dependence of <f>.
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Subs t i  tu  t i n g  E q s . (18)  and (1 9 )  i n t o  (1 7 )  and  t a k i n g  a c c o u n t  o f  
Eq. ( 5 )  we o b t a i n i
♦ ( P j )  - + ( r 2 ) = i j r _ t  T+ ( a  + ^  j s  ) .  dS ( 2 0 )
N o t in g  t h a t  t h e  f l u x  quantum i s  | q = 27Tfi/q and  t h e  l i n e  i n t e g r a l
of'  t h e  v e c t o r  p o t e n t i a l  i s  j u s t  t h e  m a g n e t i c  f l u x  e n c l o s e d ,  t h e  f i r s t
term o f  t h e  i n t e g r a l  i s  e q u a l  t o  27T* r / f o  ♦ The second  te rm 
may be made a r b i t r a r i l y  sm a l l  by c h o o s i n g  a  s u i t a b l e  i n t e g r a t i o n  
c o n t o u r .  Th i s  i s  p o s s i b l e  b e c a u s e ,  owing to  t h e  W e i s s n e r  e f f e c t ,  
t h e  c u r r e n t  d e n s i t y  d e c l i n e s  r a p i d l y  w i t h  d i s t a n c e  from t h e  b a r r i e r ;  
f u r t h e r m o r e  i t s  d i r e c t i o n  i s  e s s e n t i a l l y  p a r a l l e l  t o  t h e  p l a n e  o f  
t h e  b a r r i e r  i n  th e  p e n e t r a t i o n  r e g i o n .  Hence t h e  c o r r e c t  c h o i c e  
f o r  IT i s  a c u r v e  which l i e s  o u t s i d e  t h e  p e n e t r a t i o n  r e g i o n  
e v e r y w h e re  e x c e p t  n e a r  and  P , and  i n  t h e  n e ig h b o r h o o d  o f  
t h e s e  p o i n t s  c r o s s e s  t h e  p e n e t r a t i o n  r e g i o n  i n  a  d i r e c t i o n  no rm a l  
to  t h e  b a r r i e r  a s  shown i n  F i g .  3 .  F o r  s u c h  a  c o n t o u r  Eq. (20 )
may be i n t o g r a t e d  to g i v e  1
* T
♦ ( P j )  -  t ( P 2 )  " 21t —  ( 2 1 )
® o
I f  r  and  P a r e  c l o s e  to  e a c h  o t h e r  we may w r i t e i
<“ >
Ib-xt we d e r i v e  an  e x p r e s s i o n  f o r  t h e  m a g n e t i c  f l u x  e n c l o s e d  by 
th e  c u r v e  in  F i g .  3. Note t h a t  t h e  m a g n e t i c  f i e l d  p e n e t r a t e s  o n l y  
to  .1 d i s t a n c e  d which may be  c o n v e n i e n t l y  d e f i n e d  a s i
* T f  t h e  t h i c k n e s s  o f  t he; b a r r i e r  i s  t a k e n  a  f i n i t e  v a l u e  w 
hen d w + where X  i s  th e  p e n e t r a t i o n  d e p th  o f  t h e  s u p e r c o n d u c t o r s .
The m a g n e t ic  f l u x  e n c l o s e d  may th e n  b e  o b t a i n e d  w i th  t h e  a i d  o f  
F i g .  d .
$T = B . ( i z x A ) d = i z - ( 2  ) d (24 )
♦ A A A A A
w here :  A " A* 1 + A y  i  a nd i  , i  , i  a r e  u n i t  v e c t o r s .x y x y z
E q , (?J+) may be r e d u c e d  to  t h e  form:
l T -  (By A x + Bx A y)  d (25)
which ,  compared  w i th  Eq. ( 2 l )  and  ( 2 2 )  l e a d s  t o  t h e  d i f f e r e n t i a l
e q u a t i o n s
! ± = £ b  ( 2 6 )3 x fj y
l i  -  _ B 
3y " '  f i  x
We s h a l l  d e r i v e  two more e q u a t i o n s  one  r e l a t i n g  t h e  p h a se  ^
and th e  p o t e n t i a l  d i f f e r e n c e  be tw een  th e  s u p e r c o n d u c t o r s  V and
t h e  o t h e r  e x p r e s s i n g  t h e  r e l a t i o n s h i p  be tween t h e  c u r r e n t  an d
i q
the  r e l a t i v e  p h a s e .  Feynman o b t a i n e d  t h e s e  two e q u a t i o n s  by 
e x t e n d i n g  h i s  method o f  c o u p le d  modes t o  J o s e p h s o n  t u n n e l i n g .  
A cco rd ing  to  t h i s  p i c t u r e  t h e  r a t e  o f  change  o f  t h e  w a v e f u n c t i o n  
on one s i d e  d e p e n d s  on t h e  a c t u a l  v a l u e s  o f  t h e  w a v e f u n c t i o n s  






Figure 4. Points and f |  of the barrier in the x -y  
plane; used to evaluate magnetic flux.
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1,1 - U2 t 2 + ItV'1 ( 29)
where and a r e  t h e  s e l f  e n e r g i e s  and K i s  a  c o n s t a n t  c h a r a c ­
t e r i s t i c  o f  t h e  j u n c t i o n .  When K i s  z e r o  E q s .  (28)  and  (2 9 )  may 
be s o l v e d  s e p a r a t e l y ;  t h e  two s u p e r c o n d u c t o r s  a r e  i n d e p e n d e n t  o f  
each  o t h e r .  When K i s  f i n i t e ,  t h e  two s u p e r c o n d u c t o r s  a r e  c o u p l e d .
In  th e  g e n e r a l  c a s e  when t h e r e  i s  a  v o l t a g e  a c r o s s  t h e  
j u n c t i o n ,  t h e  d i f f e r e n c e  in  s e l f  e n e r g i e s  m us t  be “  qV.
We may s h i f t  then  the  z e r o  o f  e n e r g y  and r e w r i t e  Eqs .  (28 )  and
(29)  a s ; *
i  fi —  = ^4  + k V v
a t  * 1
( 3 0 )
l f l  | | z  .  ( 3 1 )
W r i t i n g  now b o t h  w a v e f u n c t i o n s  i n  t h e  form o f  Eq. (3 )  
and  s u b s t i t u t i n g  them i n t o  Eq. ( 3 0 )  and  (3 1 )  we g e t  t h e  f o l l o w i n g  
f o u r  d i f f e r e n t i a l  e q u a t i o n s ;
2 Pi
d t  
2 P 2 
d t
3^1
* T h i s  I s  f o r  t h e  c a s e  o f  no m a g n e t ic  f i e l d  i n  t h e  j u n c t i o n .  
The g e n e r a l i z a t i o n  to  i n c l u d e  m a g n e t i c  f i e l d s  was done by deWaele 
and de  Bruyn 0 u b o t e r ; 1 5  K n e ed s  th e n  to  be m u l t i p l i e d  by an e x t r a  
f a c t o r  i n v o l v i n g  t h e  I n t e g r a l  o f  t h e  v e c t o r  p o t e n t i a l  a c r o s s  t h e  
j u n c t i o n .
h e r e  we i d e n t i f i e d  V -  w i t h  ^ Note  t h a t i
(3 3 )
? t  7f t
t h a t  i s  one s i d e  l o s e s  c h a r g e  a t  t h e  same r a t e  a s  t h e  o t h e r  s i d e  
a c c u m u l a t e s  i t ,  But w h a t e v e r  c h a r g e  i s  l o s t  i t  w i l l  be i m m e d ia t e ly
be e x p e c t e d  to  depend on t h e  p r o p e r t i e s  o f  t h e  s u p e r c o n d u c t o r  on 
b o t h  s i d e s  o f  t h e  b a r r i e r  and on t h e  t h i c k n e s s  o f  t h e  i n s u l a t o r .  
F o r  t h i c k  b a r r i e r s  t h e  c o u p l i n g  i s  s m a l l  so  K i s  s m a l l  and  hence  
the  s u p e r c u r r e n t  f l o w i n g  a c r o s s  t h e  b a r r i e r  must  a l s o  be  s m a l l .
In f a c t  when th e  b a r r i e r  i s  t h i c k  we f i n d  no s u p e r c u r r e n t  a t  a l l .  
The . ju n c t io n  e x h i b i t s  o n ly  normal  e l e c t r o n  t u n n e l i n g  w i t h  t h e  
a s s o c i  a t e d  h ig h  r e s i s t a n c e ,
r e p l e n i s h e d  by t h e  a c t i v e  e l e m e n t  ( v o l t a g e  o r  c u r r e n t  s o u r c e )  
i n  t h e  c i r c u i t .  Tak ing  f u r t h e r  P^ -  = /°q we may w r i t e  f o r  t h e
c u r r e n t :
z j Q s i n  ^ ( t ) (34 )
where
J ( 3 3 )o fi
From Eq. (32 )  we may a l s o  g e t  t h e  t im e  d e p en d e n c e  o f  ^  t 
3 +  _ d ^ z  D ^ z  qv (36)
d t  d t  3 t  *
The o n ly  unknown i s  t h e  v a l u e  o f  K i n  Eq, (35)*  I t  niay
?0
The magnitude  o f  j  f o r  an  i n s u l a t i n g  b a r r i e r  be tween two 
i d e n t i c a l  s u p e r c o n d u c t o r s  was d e r i v e d  from m ic r o s c o p i c  t h e o r y  by 
Ambegaokar arid B a r a t o f f ^  t o  be i n  t h e  formi
. .  ' " A d )  (37)
o q RNN 2 k T
where it i s  th e  r e s i s t a n c e  p e r  u n i t  a r e a  o f  t h e  j u n c t i o n  i n  th e
normal s t a t e  and 2 A ( T )  i s  th e  t e m p e r a t u r e  d e p en d e n t  en e rg y  gap
of' the  s u p e r c o n d u c t o r .  I f  th e  s u p e r c o n d u c t o r s  on t h e  o p p o s i t e
s i d e s  o f  the  j u n c t i o n  a r e  not i d e n t i c a l  j  must be d e t e r m in e d  by
num er ica l  methods .
We have now o b t a i n e d  a l l  t h e  n e c e s s a r y  r e l a t i o n s  f o r  the
j u n c t i o n  o r i g i n a t i n g  from t h e  p r o p e r t i e s  o f  th e  s u p e r c o n d u c t o r s .
However, M ax w e l l ' s  e q u a t i o n s  a r e  s t i l l  v a l i d  i n  t h e  i n s u l a t o r ,  and
in  th e  g e n e r a l  t im e - d e p e n d e n t  c a s e  a d i s p l a c e m e n t  c u r r e n t  d e n s i t y
c JLY i s  p r e s e n t  a s  w e l l  (where  c g i s  t h e  c a p a c i t a n c e  p e r  u n i t  
3  t
a r e a  o f  the  j u n c t i o n )  l e a d i n g  to  t h e  e q u a t i o n
? By - ^ Bx = ij i + q c —  (38)
T T  7 7  ^ a t
Eqs.  ( 2 8 ) ,  ( 2 7 ) ,  ( 3 4 ) ,  ( 3 6 ) ,  and  ( 3 8 ) now c o m p le t e ly
d e s c r i b e  the  b e h a v i o r  o f  t h e  j u n c t i o n .  E x p r e s s in g  B and B fromy x
Eqs.  ( 2 6 ) and ( 2 7 ) ,  j  from E q . ( 3 4 ) ,  V from Eq. ( 3 6 ) and 
s u b s t i t u t i n g  them i n t o  E q . ( 3 8 ) we o b t a i n  a  s i n g l e  d i f f e r e n t i a l
e q u a t i o n  in
i t  + tLL _ _L 2! t  = \ :2 Bln j  (39)
3x2 3  y 2 v 2 J
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w h ere :
V ,  , ( — 5—  )x/z (uo)
1 / " o l J o d
and
V = ( / lo Cs d ) _ 1 / / 2  ( 4 l )
So f a r  we have been  c o n c e r n e d  w i t h  t h e  s u p e r c u r r e n t  o n l y .
To be more g e n e r a l  we m u s t  add  to  Eq .  (3*0 t h e  c u r r e n t  due  to  t h e  
t u n n e l i n g  o f  n o rm a l  e l e c t r o n s  a s  w e l l .  The c o m p le t e  fo r m u la  
d e r i v e d  by J o s e p h s o n  i s  o f  t h e  fo rmt
j 7 ■= J Q ( v ) s i n  |  + ( v ) + &i ( v ) c o s | j  V (4 2 )
in  which g ( v)  and (V) c o s  |  a r e  t h e  c o n d u c ta n c e  and  phase  
d e p e n d e n t  c o n d u c t a n c e  o f  t h e  j u n c t i o n  r e s p e c t i v e l y .  F o r  most 
p u r p o s e s  g^ ( v)  may be n e g l e c t e d  and  gQ (V) t a k e n  a s  a  c o n s t a n t .  
T h a t  i s ,  Eq. (4-2) may be s i m p l i f i e d  t o :
j z  = J Q s i n  f  + gQ V (4 3 )
A more g e n e r a l  d i f f e r e n t i a l  e q u a t i o n  f o r  t h e  phase  may be  o b t a i n e d
by s u b s t i t u t i n g  Eq. (43 )  i n t o  (3 8 )  y i e l d i n g
y  + ' d 2  i _  £ _____ p_  p
. 3 X2  ^ y 2  v 2  J?t2  v 2 ^  t
$ = \  2 s i n  ^  (4 4 )
ij
where  ft  “ gQ/ c 3 * a ^ ove  d i f f e r e n t i a l  e q u a t i o n  h a s  no
a n a l y t i c a l  s o l u t i o n  e x c e p t  i n  some s p e c i a l  c a s e s .
C. The d . c .  J o s e p h s o n  E f f e c t
Now l e t  us  examine t h e  t i m e - i n d e p e n d e n t  c a s e  o f  th e  f o u r  
b a s i c  e q u a t i o n s  ( E q s .  26,  2? ,  34, and 3 6 ) d e r i v e d  in  t h e  l a s t
22
s e c t i o n .  From E q . ( j 6)  i t  i s  im m ed ia te ly  seen  t h a t  V = 0 .  F u r t h e r ­
more, i f  th e re  i s  no m agnet ic  f i e l d  Eqs .  (26 )  and ( 2 ? )  imply t h a t
-  c o n s t a n t .  So we a r e  only  l e f t  w i th  Eq. ( 3 4 ) ,  j  = j  s i n  4 ,
' Z  O '
which s a y s  t h a t  i f  ^ /  0 , a  s u p e r c u r r e n t  can f low t h r o u g h  t h e
b a r r i e r  w i th o u t  c a u s i n g  a  v o l t a g e  d ro p .  T h i s  i s  t h e  s o - c a l l e d
d . e .  J o se p h so n  e f f e c t  in  zero  m a g n e t ic  f i e l d .  I t  a l s o  t e l l s  us
t h a t  j  i s  the  maximum c u r r e n t  d e n s i t y  t h a t  can  flow a c r o s s  the
b a r r i e r  w i th o u t  d e v e l o p i n g  a v o l t a g e  which o c c u r s  when <|i = ^ / Z  .
Next l e t  u s  lo o k  a t  t h e  c a s e  when t h e r e  i s  a  c o n s t a n t
magnet ic  f i e l d ,  B = B i  + B i  i n  the  p l a n e  o f  th e  j u n c t i o n .x x y y
Eqs.  (26) and (27)  may be i n t e g r a t e d  to  g ive
4 = ^ ~  (By x - B ^ )  + 0C (45 )
where ot I s  an i n t e g r a t i o n  c o n s t a n t .  From Eq. (45) we s e e  t h a t  
f  may change  s i g n  a t  d i f f e r e n t  p o i n t s  o f  t h e  j u n c t i o n .  I t  
f o l l o w s  from Eq. (34 )  t h a t  th e  c u r r e n t  d e n s i t y  may change  i t s  
d i r e c t i o n ,  so t h a t  th e  t o t a l  c u r r e n t  may become ze ro  u n d e r  c e r t a i n  
c o n d i t i o n s .  I t  w i l l  soon become c l e a r  I f  we i n t e g r a t e  Eq. (34) 
o v e r  th e  a r e a  o f  t h e  j u n c t i o n  g i v i n g  t h e  t o t a l  c u r r e n t
T J  j  s i n  <fi dS
Tm J J 0 exp |  i [ ^ - ( B y x - B^y) + 0 t ] J d S  (46)
-  !m L e 1*  j 0 exp  { i  (By x -  B^y) } d S ]
where  Im d e n o t e s  t h e  im a g in a ry  p a r t .  I t  i s  o b v io u s  t h a t  th e  
maximum t o t a l  current-  o c c u r s  when t h i s  complex v e c t o r  l i n e s  up
23
wi th  t h e  im a g in a r y  a x i s . H e n c e ,
To = | I  J o * xp  (  1 7 T  ( By x - V ) }  63
M a t h e m a t i c a l l y ,  Eq. ( ^ ? )  i s  n o t h i n g  b u t  t h e  F o u r i e r  t r a n s f o r m
o f  j  an d  can  be  e v a l u a t e d  i f  t h e  s p a t i a l  v a r i a t i o n  o f  j  i s
known. F o r  most  c a s e s  o f  i n t e r e s t ,  f o r  i n s t a n c e  a  p o i n t  c o n t a c t
j u n c t i o n  o r  a  u n i f o r m  j u n c t i o n  o f  s m a l l  a r e a ,  j  c an  be c o n s i d e r e d
t o  be  c o n s t a n t  o v e r  t h e  a r e a  o f  t h e  j u n c t i o n .  F o r  a  r e c t a n g u l a r
j u n c t i o n  o f  d i m e n s i o n s  a  a n d  a  Eq. (*+7) r e d u c e s  to*x y
o Jo
, I s i n  u j s i n  v a y




u = 4 : ®  .2f i  y
qd
v = ~ B  ,
2fi x '
and J o j  a  a  o x y
i s  t h e  maximum s u p e r c u r r e n t  i n  t h e  a b s e n c e  o f  a  m a g n e t i c  f i e l d .
In  t h e  p a r t i c u l a r  c a s e  where  t h e  a p p l i e d  m a g n e t i c  f i e l d  i s  p a r a l l e l  
t o  one o f  t h e  e d g e s  o f  t h e  j u n c t i o n  ( s a y  B^ = 0)  t h e n  we g e t  t h e
s im p le  fo rm :
o Jo
s i n  ( i r i / U
" w r
(**9)
where  |  d e n o t e s  t h e  m a g n e t i c  f l u x  e n c l o s e d .  Thus  w h e n ev e r  t h e
m a g n e t i c  f l u x  i s  an i n t e g r a l  m u l t i p l e  o f  1 , t h e  f l u x  q u a n tu m ,  no
Ao
17s u p e r c u r r e n t  w i l l  f low  a c r o s s  t h e  j u n c t i o n .  A n d e rso n  and  R o w el l  
f i r s t  o b s e r v e d  t h i s  e f f e c t  i n  1 9 6 3 * I f  one  were  t o  p l o t  I q , t h e  m a x i ­
mum s u p e r c u r r e n t ,  v e r s u s  B, t h e  a p p l i e d  m a g n e t i c  f i e l d ,  one w ould
2b
o b t a i n  a  F r a u n h o f e r  d i f f r a c t i o n  p a t t e r n  w i t h  maxima and  minima i n
D. The a . c .  J o se p h so n  E f f e c t
The s i m p l e s t  case  t o  i n v e s t i g a t e  i s  when a  d . c .  v o l t a g e  Vq 
a p p e a r s  a c r o s s  t h e  j u n c t i o n  w i t h o u t  any a p p l i e d  m a g n e t ic  f i e l d  
and the s e l f - m a g n e t i c  f i e l d s  a r e  n e g l i g i b l e ,  Eqs.  (2 6 )  and (2 ? )  
v a n i s h ,  so we a r e  l e f t  w i th  Eqs .  ( 3 * 0  and ( 3 6 ) .  I n t e g r a t i n g  Eq. 
(3 6)  we g e t :
Phus we have an o s c i l l a t o r  w i th  o s c i l l a t i n g  f r e q u e n c y
q
which i s  p r o p o r t i o n a l  t o  t h e  d . c ,  v o l t a g e .
Next l e t  us  s ee  what happens  when an a . c .  v o l t a g e  i s  
a p p l i e d  to  th e  / junc t ion  on t o p  o f  t h e  d . c .  v o l t a g e .  We r a v e
T s e p a r a t e d  by a p e r io d  = j  *
q
= «C + — V t  
fi 0
(30)
where oC i s  a  c o n s t a n t .
S u b s t i  t u t i n g  Eq. ( 5 0 ) i n t o  Eq. (3*+) we o b t a i n
(51)
V = V + V. c o s w to 1 (53 )
S u b s t i t u t i n g  E q . (53) i n t o  Eq. ( 3 6 ) l e a d s  to
( 5*0




18i'he above equa t ion  may be expanded I n to  a  F o u r l e r - B e s s e l  s e r i e s
n i  -  -
when; .1 i s  the mth o r d e r  Besse l  f u n c t i o n .  I t  may be seen  t h a t  I fm
t 'o te  t h a t  t.he above eq u a t io n  b e a r s  a  l o t  o f  resem blance  t o  Eq.
( o f  the  d . c .  Josephson  s u p e r c u r r e n t  in  th e  sense  t h a t  i n  both
cases  the  d . c .  c u r r e n t s  a r e  d e te rm ined  by quantum mechanical
phase d i f f e f e n c e s ,  o t  i 3 the  phase  d i f f e r e n c e  between two
o s c i l l a t o r s  with i d e n t i c a l  f r e q u e n c i e s .  One i s  th e  n t h  harmonic o f
the  a p p l i e d  microwave r a d i a t i o n ,  th e  o t h e r  i s  the  Josephson
f r e q u e n c y .  When t h e s e  two f r e q u e n c i e s  a r e  lo c k e d ,  a  d . c .  c u r r e n t
qVi |
ap p ea rs  whose muraii tude v a r i e s  between ± I  J  ( ——  ) |o n  Tiu |
! hus the current,  i s  in  th e  form o f  a  s e r i e s  o f  s p i k e s .  However, 
t h i s  s t r u c t u r e  has  n ev e r  been o bse rved  In p r a c t i c e .  The e x p e r i ­
menta l ly  observed T-V c h a r a c t e r i s t i c  i s  c o n s i d e r a b l y  d i f f e r e n t .  The 
roue,on f o r  t h i s  i s  that, the  d . c .  c u r r e n t  depends  on th e  e x t e r n a l  
c i r c u i t  and moreover th e re  a r e  o t h e r  c o n t r i b u t i o n s  to  th e  c u r r e n t  
which h ive  no1 been c o n s id e re d .  We w i l l  Lake t h i s  up in  th e  nex t  
seet  i o n .
'1'q /f]W ■" n wiiere n i s  an i n t e g e r  then  j  h a s  a d . c .  componento Zi
qVq nV-^
(.!,,) ] _ ( ~ l ) n J tJ J n (fTZT) s in o C  = ( - l ) n j Q J n ( -^ r“) s in  *
26
l‘h f  t I r s t  o b s e r v a t i o n  o f  s t r u c t u r e  i n  t h e  I -V  c h a r a c t -
, 19
e r i s t i c : ;  at. V  ^ nfiW/ q was r e p o r t e d  by S h a p i r o .  The  h e i g h t
o f '  the; c u r r e n t  s t e p s  d o e s  f o l l o w  a  B e s s e l  f u n c t i o n  d e p e n d e n c e  a s
20i f  was t i r s t  c o n f i r m e d  by S h a p i r o ,  e t .  a l .
E . t u r r e n t . - V o l t . a g e  C h a r a c t e r i s t i c s  o f  a  j i n g l e  S u p e r c o n d u c t i n g
P o i n t  - fo r i t a c t
One o f  t h e  s i m p l e s t  weak c o n n e c t i o n s  b e tw e e n  two s u p e r ­
c o n d u c t o r s  i s  t h e  p o i n t  c o n t a c t .  W hi le  i t s  i n d u c t a n c e  a n d  c a p a ­
c i t a n c e  a r c  s m a l l ,  t h e y  may p l a y  a n  i m p o r t a n t  r o l e  i n  i t s  d . c .  
c u r r e n t - v o l .  t a g e  c h a r a c t e r i s t i c s .  M o d e l s  h a v e  b e e n  s u g g e s t e d  t o  
c h a r a c t e r i z e  i t s  e s s e n t i a l  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  f e a t u r e s .
St.ewui t / ^  p e r f o r m e d  c a l c u l a t i o n s  on a  s i n g l e  p o i n t  c o n t a c t  s h u n t e d
22wi tli a  c a p a c i t a n c e .  McCumber c a l c u l a t e d  t h e  I - V  c h a r a c t e r i s t i c s
o f  a  poin t ,  c o n t a c t  w i t h  a  c a p a c i t a n c e  i n  p a r a l l e l  a n d  a l s o  a  p o i n t
c o n t a c t  w i t h  a  s e l f - i n d u c t a n c e  i n  s e r i e s  u n d e r  d i f f e r e n t  c i r c u i t
c o n d i t i o n : ; .  In t h i s  d i s s e r t a t i o n  we w i l l  f o l l o w  a  som ew ha t  d i f -
1 5
f e r e n t  a p p r o a c h  by O u b o t e r .  At f i r s t  b o t h  t h e  s u p e r c u r r e n t  a n d  t h e
n o rm a l  c u r r e n t  t h r o u g h  t h e  c o n t a c t  w i l l  b e  t a k e n  i n t o  a c c o u n t ,
but t h e  s e  L f - i  n d u r  t.aneo and t h e  c a p a c i t i v e  c o u p l i n g  o f  t h e  c o n t a c t
w i l l  be n e g l e c t e d .  As u s u a l ,  I t  I s  a s s u m e d  t h a t  t h e  l i n e a r
d i m e n s i o n s  o f  t h e  c o n t a c t  a r e  so  s m a l l  t h a t  t h e  e f f e c t  o f  t h e
a p p l i e d  m a g n e t i c  f i e l d  c a n  be  n e g l e c t e d .  The two c a s e s  f o r  w h ic h
e i t h e r  t h e  c u r r e n t  o r  t h e  v o l t a g e  a r e  c o n s t a n t s  o f  t i m e  w i l l  b e
d i s c u s s e d .  The i n f l u e n c e  o f  t h e  s e r i e s  i n d u c t a n c e  a n d  t h e  s h u n t
21 22c a p a c i t a n c e  wi l l  be d i s c u s s e d  a t  t h e  end  o f  t h e  s e c t i o n .  *
27
Accord ing  t o  Josephson  [E q s .  (34)  and  ( 3 ^ ) ]  t h e  s u p e r ­
c u r r e n t  th ro u g h  a  s i n g l e  p o i n t  c o n t a c t  I s  e q u a l  to
I a ( t )  = I c s i n  ^ ( t )  = I c s i n  { ^ (0 )  j  V ( f )  d f ]
(58)
In the  r e s i s t i v e - s u p e r c o n d u c t i v e  r e g i o n  [  V ( t )  /  0 ]  a  normal
c u r r e n t  a l s o  h a s  t o  be t a k e n  i n t o  a c c o u n t .  We w i l l  assume t h a t
V ( t)t h i s  normal c u r r e n t  i s  e q u a l  to  I  ( t )  = — , where Rn i s  
t h e  i d e a l  ohmic r e s i s t a n c e  o f  t h e  j u n c t i o n .  The t o t a l  c u r r e n t  i s  
e q u a l  to
1 ’ h  + I n '  h  =l n { t ( 0)  -
(59)
F i r s t  c o n s i d e r  th e  case  f o r  which V i s  c o n s t a n t  i n  t im e .  Eq.
(0 9 )  then  r e d u c e s  to
I ( t )  = I c s i n  [j (0 )  - - f p  Vt J  +  ^  (60)
For  V ^ 0 ,  th e  above  e x p r e s s i o n  r e d u c e s  t o  I  = I  = I  sin<A ( o) ,s c  *
t h u s  any d . c .  c u r r e n t  be tween - I  and  +1 can f lo w  th ro u g hc c
t h e  j u n c t i o n .  F o r  V ^ 0 , t h e  a . c .  J o s e p h s o n  c u r r e n t  i s  s i n u s o i d a l
2 e
w i th  f r eq u en cy  V V and  a m p l i t u d e  I c> The t im e  a v e r a g e
o f  I ( t )  1s e q u a l  to  z e ro  and  o n ly  t h e  normal component c o n t r l -  
b u t e o  to the  d . c .  c u r r e n t .  The I-V c h a r a c t e r i s t i c  which  i s  
measured w i th  d . c .  o r  l o w - f r e q u e n c y  methods can  be d e s c r i b e d  
wi th
28
V = 0 ,  0 4 I  ( t )  * I  ( 6 l a )
V /  0 ,  T J t J  = - f -  ( 6 l b )
n
which i s  g iv e n  in  F i g .  5a -
Now we t a k e  I  ( t )  In  Eq. (5 9 )  a s  a  c o n s t a n t  i n  t i m e  and 
c a l c u l a t e  V ( t )  . With t h e  a i d  o f  Eq. ( 3 6 ) we o b t a i m
I = I c s i n  4 ( t )  -  = I c s i n  ♦ ( O  + ^
= c o n s t a n t  (6 2 )
When I > I  , t h e n  V ( t )  i s  a  p e r i o d i c  f u n c t i o n  o f  <| ( t )  w i t h  
p e r i o d  2 it . The v o l t a g e  d e r i v e d  from t h i s  e q u a t i o n  i s  a  sharply- 
peaked f u n c t i o n  o f  t i m e ,  e s p e c i a l l y  when I  i s  o n ly  s l i g h t l y  
l a r g e r  t h a n  I  F u r t h e r m o r e ,  we d e r i v e  f rom  Eq. ( 6 2 )
ft r K 1 )  dtfr
R 2 e I I  I  s i n  i
n J f ( 0 )  c T
hence
4 - -  T -  i .  *  f2Tr -  d *T - T - Hn T 5 j 0 1 - l “sln* <63>
i n  which V i s  t h e  b a s i c  f r e q u e n c y  o f  t h e  c o m p l e t e  s i g n a l  
b e l o n g i n g  t o  t h e  mean v o l t a g e  V ( t ) . The t im e  a v e r a g e  o f  t h e  
v o l t a g e  i s  e q u a l  to  t h e  t im e  a v e r a g e  i n  one  p e r i o d ,  hence
•T „  PT
v T t J  v ( t )  dt j 0“J^ d t  "
S u b s t i t u t i n g  Eq. ( 6 3 ) i n  Eq.  ( 6 ^ )  g i v e s
2 » H
I > I ci  VTTT  ^ n d i  = Rn C1* - I c 2) l / 2 (65a)











I = constant I = constant
FIGURE 5
C urreno -V o l tage  C h a r a c t e r i s t i c  o f  a  S in g l e  P o in t  Contact  
.) When the  V ol tage  i s  C o n s ta n t  i n  Time,
>) When th e  C u r re n t  i s  C ons tan t  i n  Time,
:) When t h e r e  i s  a  C ap ac i tan ce  i n  P a r a l l e l  
and  a  S e l f - I n d u c t a n c e  i n  S e r i e s  w i th  
t h e  J u n c t i o n .
8
For  th e  v a l u e s  o f  I  between 0 and I  t h e  s o l u t i o n  i s  A = c o n s t a n tc T
and c o n s e q u e n t l y
0 *  I  < I  , V ( t )  = 0 (65b)
From t h e s e  two e q u a t i o n s  t h e  I-V dependence  can  be c a l c u l a t e d  
and i s  Riven in  F ig .  5b *
V o l ta g e  b i a s i n g  can be a c h i e v e d  by s h u n t i n g  t h e  j u n c t i o n  
w i th  a  p a r a l l e l  i d e a l  r e s i s t a n c e  H (where R «  R ) o r  an i d e a l
0~\ 9 0
c a p a c i t a n c e  C [[with 1^21flJc) «  ^ ] .  ’
A c o n s t a n t  c u r r e n t  can be r e a l i z e d  e x p e r i m e n t a l l y  i f  
one a p p l i e s  t h e  c u r r e n t  w i t h  a  c i r c u i t  h a v in g  h ig h  impedance .  
However, i f  one t r i e s  to  measure  t h e  I-V c h a r a c t e r i s t i c  w i th  
such a c o n s t a n t - c u r r e n t  c i r c u i t  i t  i s  n e a r l y  i m p o s s i b l e  to  a v o id  
c a p a c i t i v e  c o u p l i n g  between t h e  two s u p e r c o n d u c t o r s  o f  o r d e r  
10 ^  pF. T h i s  c a p a c i t a n c e  does  n o t  p l a y  a s i g n i f i c a n t  r o l e  
when R^ l/C^ftVd). For  l a r g e  v a l u e s  o f  V ( t )  t h e  f r e q u e n c y  
o f  th e  a . c .  c u r r e n t s  i s  l a r g e  and  t h e  c a p a c i t a n c e  i s  a  s h o r t  
f o r  a . c .  c u r r e n t s  between t h e  s u p e r c o n d u c t o r s ,  l/(2irVc).
In  t h i s  l i m i t  V ( t )  I s  c o n s t a n t  in  t im e  and t h e  I-V c h a r a c t e r i s t i c  
a p p r o a c h e s  t h a t  o f  F ig .  5a - When t h e r e  i s  a l s o  a  s e l f - i n d u c t a n c e  
in  s e r i e s  w i th  t h e  p o i n t  c o n t a c t ,  t h e  I-V dependence  may be a  
cu rv e  a s  g iven  i n  F ig .  5c.  With a c i r c u i t  hav ing  h i g h  r e s i s t a n c e ,
th e  I-V c h a r a c t e r i s t i c  ha s  an i r r e v e r s i b l e  r e g i o n .
21 22 S te w a r t  and McCumber have per fo rm ed  d e t a i l e d  computer
c a l c u l a t i o n s  on t h e  system o f  a  p o i n t  c o n t a c t  w i th  a c a p a c i t a n c e
d in  p a r a l l e l  d r i v e n  by a c o n s t a n t - c u r r e n t  s o u r c e .  They both
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s o l v e  t h e  e q u a t i o n  f o r  t h e  e q u i v a l e n t  c i r c u i t  shown i n  P i g .  6
a s s u m in g  L = 0 .
I  = C — + I  s i n  4 ( t )  = c o n s t a n td t  R c Tn
T h i s  d i f f e r e n t i a l  e q u a t i o n  i s  a n a lo g o u s  t o  t h a t  o f  a  damped
2
pendulum. The c h a r a c t e r i s t i c  p a r a m e t e r  ( ) o f  S t e w a r t
i s  e q u a l  t o  t h e  //3 c = 2Tt I c CR*V ( -g L - ) o f  McGumber. Both  p r e d i c t
an  i r r e v e r s i b l e  I-V d ep en d en ce  f o r  v a l u e s  o f  Ct)#T > 0 . 5 '  Fo r  a
t y p i c a l  p o i n t  c o n t a c t  w i t h  I = lOO^uA, an d  R = 10 ohms, t h e
a bove  c o n d i t i o n  t e l l s  u s  t h a t  t h e  c a p a c i t a n c e  h a s  t o  be  g r e a t e r  
_2than  10 pF to show t h i s  h y s t e r e s i s  e f f e c t .  But m os t  p o i n t  
c o n t a c t s  have  c a p a c i t a n c e  o f  t h e  o r d e r  o f  10 pF so t h i s  I r r e ­
v e r s i b l e  c h a r a c t e r i s t i c  i s  v e r y  o f t e n  o b s e r v e d .
22McCumber a l s o  p e r fo rm ed  c a l c u l a t i o n s  on a  p o i n t  c o n t a c t
w i th  a  s e l f  i n u u c t a n c e  In  s e r i e s  w h i l e  t h e  s y s t e m  i s  v o l t a g e
b i a s e d .  Again  t h e  I-V c h a r a c t e r i s t i c  w i l l  become i r r e v e r s i b l e
f td e p en d in g  on a  c h a r a c t e r i s t i c  v a l u e  * ( ^ _ _ ) / ( 2 i r L  I c ) .  Both 
p a r a m e t e r s  j ^  and  y3c a r e  t e m p e r a t u r e  d e p e n d e n t  b e c a u s e  I c i s  
t e m p e r a t u r e  d e p e n d e n t .
F.  F a r  I n f r a r e d  D e t e c t i o n  w i t h  a  S i n g l e  S u p e r c o n d u c t i n g  P o i n t
C o n t a c t
J o se p h s o n  j u n c t i o n s  have  been d e m o n s t r a t e d  t o  be  one o f
2-  5 23t h e  most  p r o m i s i n g ,  h i g h l y  s e n s i t i v e  d e t e c t o r s  and  m ix e r s
f o r  microwave and f a r  I n f r a r e d  r a d i a t i o n .  The u s u a l  method o f
d e t e c t i o n  i s  to  i n d u c e  an  a . c .  v o l t a g e  a c r o s s  t h e  j u n c t i o n  w i t h
t h e  i n c i d e n t ,  r a d i a t i o n .  The r e s u l t i n g  m a t h e m a t i c a l  e x p r e s s i o n
3 2
m r
n X 1 3 l c s in^
FIGURE 6
E q u i v a l e n t  C i r c u i t  Model o f  a  P o i n t  C o n t a c t  
J o s e p h s o n  J u n c t i o n
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f o r  t h e  j u n c t i o n  c r i t i c a l  c u r r e n t  i s  o b t a i n e d  from Eq. ( 5 ? )
by s e t t i n g  n = 0
1 = 1  j  ( j J L l  ) s i n  oc (6 6 )
c  CO o  -h  6 )
Fbr a  s m a l l  h i g h  f r e q u e n c y  s i g n a l  su ch  t h a t  q V ^ «  fit*)
Eq. (66)  can  be  a p p r o x i m a t e d  by
J c  *  i o  L 1 -  ( - jbr to ) 2  1 ( 6 7 )
In which  we have s e t  oL ~ I f / 2 f o r  s i m p l i c i t y .  Thus t h e  r e s u l t i n g  
change  i n  t h e  c r i t i c a l  c u r r e n t  a c r o s s  t h e  j u n c t i o n  i s
A  r c ’ t o  ( ) 2 ( fi8)
I f  t h e  j u n c t i o n  i s  b i a s e d  a t  a  c u r r e n t  j u s t  l a r g e r  t h a n  t h e
maximum c r i t i c a l  c u r r e n t  I , an  e x p r e s s i o n  f o r  t h e  r e s u l t i n gco
v o l t a g e  ch an g e  can  be o b t a i n e d  f rom  Eq.  ( 6 5 a ) ,  However,  f o r  a  
r e a l  j u n c t i o n  t h e  v o l t a g e  change  i s  b e t t e r  a p p r o x i m a t e d  by u s i n g  
th e  dynamic  r e s i s t a n c e  o f  t h e  j u n c t i o n  a t  t h e  b i a s  p o i n t ,  
t h u s
A  V ^  r  . A I C = I  R ( q  V1 ) 2 ( 6 9 )D c co D 2
The r e s p o n s i v i t y  o f  t h e  j u n c t i o n  i s  d e f i n e d  a s
i f  ,
8 !  ~  Xc0 RD Rn ( - a f e )  (70)
i n  which  P = /  (2Rn ) t h e  power  i n c i d e n t  on t h e  j u n c t i o n  and
R^ i s  t h e  r e s i s t a n c e  o f  t h e  j u n c t i o n  in  t h e  no rm a l  s t a t e .
3 k
Most e x p e r i m e n t s  so f a r  h ave  been  done w i t h  t h e  j u n c t i o n
i n s i d e  a  w aveguide ,  l i g h t  p ip e  o r  c a v i t y  i n  s u c h  a  way t h a t  t h e  
r a d i a t i o n  e l e c t r i c  f i e l d  i s  s t r o n g l y  c o u p le d  t o  t h e  j u n c t i o n .  
One d i s a d v a n t a g e  o f  t h i s  method o f  c o u p l i n g  i s  t h a t  t h e  f i e l d s  
a t  t h e  j u n c t i o n  a r e  n o t  p r e c i s e l y  known and  i n  t h e  c a v i t y  mode 
th e  d e t e c t o r  i s  na r row  banded .
o f  J o s e p h s o n  j u n c t i o n s  t o  m icrowave  and f a r  i n f r a r e d  r a d i a t i o n  
in  a  c o n f i g u r a t i o n  where  t h e  f i e l d s  a t  t h e  j u n c t i o n  a r e  p r e c i s e l y  
known so  t h a t  e x p e r i m e n t  and  t h e o r y  can be  q u a n t i t a t i v e l y  
compared .  The j u n c t i o n  i s  fo rm ed  by p r e s s i n g  a  p o i n t e d  s u p e r ­
c o n d u c t i n g  w i re  o n to  a  s u p e r c o n d u c t i n g  t h i n  f i l m  which i n  t u r n  i s  
p l a c e d  a c r o s s  the  open end  o f  a  waveguide  o r  l i g h t  p i p e .  R a d i a t i o n  
coming from t h e  back o f  t h e  f i l m  p e n e t r a t e s  i n t o  t h e  f i l m  a  
d i s t a n c e  o f  t h e  o r d e r  o f  a  p e n e t r a t i o n  d e p t h .  A c c o r d i n g  t o  t h e  
London t h e o r y  t h e  e x p r e s s i o n s  f o r  t h e  m a g n e t ic  f i e l d  and t h e  
in d u c e d  c u r r e n t  a t  a  d e p t h  t  i n  t h e  f i l m  a r e  g iv e n  as»
in  which  i s  t h e  a m p l i t u d e  o f  t h e  i n c i d e n t  m ag n e t ic  f i e l d  and  
X  i s  t h e  p e n e t r a t i o n  d e p t h  o f  t h e  f i l m .  A method o f  com pu t ing
In  t h e  p r e s e n t  e x p e r i m e n t  we a r e  m e a s u r in g  t h e  r e s p o n s e




X  o f  a  t h i n  f i l m  b a se d  on F i p p a r d ' s  n o n - l o c a l  t h e o r y  w i l l  be
d i s c u s s e d  in  t h e  n e x t  s e c t i o n .
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Now i f  a  p o i n t  c o n t a c t  i s  made t o  t h e  f i l m  a t  a  p o i n t  
where t h e  in d u c ed  c u r r e n t  i s  h i g h  t h i s  c u r r e n t  w i l l  c a u s e  a  
m a g n e t i c  f l u x  t h r o u g o  t h e  j u n c t i o n .  T h i s  c h a n g in g  f l u x  w i l l  
m o d u la te  t h e  d . c .  J o se p h s o n  c u r r e n t  and mix w i t h  t h e  a . c .  Jo se p h so n
c u r r e n t s  by c a u s i n g  a p h ase  change  a c r o s s  t h e  j u n c t i o n .  The
r e s u l t i n g  m a t h e m a t i c a l  e x p r e s s i o n  f o r  t h e  d . c .  J o s e p h so n  c u r r e n t  
g iv en  i n  a  p r e v i o u s l y  d e r i v e d  e q u a t i o n  i s  o f  t h e  form
t aln (TTtt. )
"  c o  Vi.
where J  , t h e  m a g n e t ic  f l u x  t h r e a d i n g  t h e  j u n c t i o n ,  i s  now e q u a l
to
} =. X w B q e “ V k  ( 7 3 )
i n  which w i s  t h e  w id th  o f  t h e  j u n c t i o n  and  t  i s  t h e  t h i c k n e s s  o f
t h e  f i l m .
N ote  t h a t  an  e l e c t r i c  f i e l d  a l s o  p e n e t r a t e s  i n t o  t h e  
f i l m  to  a  d e p t h  o f  t h e  o r d e r  o f  a  p e n e t r a t i o n  d e p t h .  But t h e  
e l e c t r i c  f i e l d  component i s  e s s e n t i a l l y  p a r a l l e l  t o  t h e  a r e a  o f  
th e  j u n c t i o n  and  t h e r e f o r e  d o e s  n o t  in d u c e  a  v o l t a g e  a c r o s s  t h e  
j u n c t i o n  a s  i n  t h e  p r e v i o u s  c a s e  c o n s i d e r e d .  I n  t h i s  c o n f i g u r a t i o n  
one i s  e f f e c t i v e l y  c o u p l i n g  t o  t h e  r a d i a t i o n  m a g n e t ic  f i e l d  
r a t h e r  t h a n  t h e  e l e c t r i c  f i e l d .
F o r  low l e v e l  r a d i a t i o n  such  t h a t  11} t *  Eq. (49 )  can 
be a p p r o x i m a t e d  by
' c *  l c o  I  1  -  5 1
and t h e  change  in  t h e  c r i t i c a l  c u r r e n t  i s
A l - * i r ( T r ) 2  wc
I f  t h e  j u n c t i o n  i s  b i a s e d  a t  a  c u r r e n t  j u s t  l a r g e r  t h a n  I  t h e  
r e s u l t i n g  v o l t a g e  change  i s
A v -  HK . A I c (75 )
where  i s  t h e  dynamic r e s i s t a n c e  o f  t h e  j u n c t i o n  a t  t h e  b i a s  
p o i n t .  S u b s t i  t u t i n g  Eqs ,  ( ? 3 )»  (7*0» a-nd (75)  i n t o  t h e  d e f i n i t i o n  
o f  r e s p o n s i v i t y  we o b t a i n  t h e  r e s p o n s i v i t y  f o r  t h e  m a g n e t i c  
f i e l d  c o u p l i n g  scheme a s
AV Hn . A l e  I c o  Hn t r X w B 0 e _ t ^  2
h * ~  = — p—  = - g j r - L  ]  . (76 )
Note t h a t  R i n  t h i s  c a s e  d o e s  n o t  h ave  t h e  1 / to  ^ d ep en d en ce  a s  
i n  t h e  p r e v i o u s  c a s e  c o n s i d e r e d .  An e x p r e s s i o n  f o r  P i n  t e r m s  
o f  Bq i n s i d e  a  r e c t a n g u l a r  w av eg u id e  i s  g i v e n  by Eq. ( 8 6 ) i n  
C h a p t e r  IV. S u b s t i t u t i n g  t h i s  e q u a t i o n  i n t o  Eq.  (76 )  we w i l l  
o b t a i n  a n  e x p r e s s i o n  f o r  R I n d e p e n d e n t  o f  P and  Bq^ .
G. The P e n e t r a t i o n  Depth  o f  a  S u p e r c o n d u c t i n g  T h in F i lm
I n  t h i s  s e c t i o n  we w i l l  f i r s t  d i s c u s s  t h e  t e m p e r a t u r e
d ep en d en ce  o f  t h e  p e n e t r a t i o n  d e p t h  o f  a  s u p e r c o n d u c t o r ,  f o l l o w e d
6 2bby a  m o d i f i c a t i o n  o f  t h e  London t h e o r y  by P i p p a r d ,  and
f i n a l l y  t h e  form o f  t h e  p e n e t r a t i o n  d e p t h  f o r  t h i n  f i l m s .
£
A c c o rd in g  t o  t h e  London t h e o r y  t h e  e x p r e s s i o n  f o r  t h e  
m ag n e t ic  f i e l d  p e n e t r a t i o n  i n t o  a  s e m i - i n f i n i t e  s l a b  o f  s u p e r ­
c o n d u c t o r  h a s  th e  form
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B ( x )  = Be exp  ( -  xA . l  ) ( 7 7 )
where I s  t h e  London p e n e t r a t i o n  d e p t h
M  = ( € 0 mc2 / n s e 2 ) 1 / 2 (7 8 )
where m i s  th e  mass  o f  an e l e c t r o n ,
e i s  th e  c h a r g e  o f  an e l e c t r o n ,
and  n^ i s  t h e  number d e n s i t y  o f  the  s u p e r c o n d u c t i n g  e l e c t r o n s .  
The on ly  t e m p e r a t u r e - d e p e n d e n t  f a c t o r  i n  Eq. ( ? 8 ) i s
8n which  i s  assumed in  t h e  G o r t e r - C a s i m i r  t w o - f l u i d  model to  be
where t  ~ t / t ^ i s  t h e  r e d u c ed  t e m p e r a t u r e  and  i s  t h e  t r a n s i t i o n  
t e m p e r a t u r e  o f  t h e  s u p e r c o n d u c t o r .  Hence,  t h e  t e m p e r a t u r e
The e m p i r i c a l  t e m p e r a t u r e  v a r i a t i o n  o f  t h e  p e n e t r a t i o n  d e p t h  
i s  r e p r e s e n t e d  v e r y  c l o s e l y  by Eq. ( 8 0 ) .  However,  t h e  e m p i r i c a l
from t h e  London d e f i n i t i o n  Eq. ( ? 8 ) ,  u n l e s s  one makes r a t h e r  
’u n l i k e l y  a s s u m p t i o n s  o f  low d e n s i t i e s  o f  s u p e r c o n d u c t i n g  e l e c t r o n s  
o r  o f  a  l a r g e  e f f e c t i v e  m ass .  E x p e r im e n t s  on v e r y  s m a l l  s a m p le s ,  
and  m easu rem en ts  on impure  m e t a l s ,  y i e l d  even  h i g h e r  v a l u e s  o f  
X  ( o ) , a l t h o u g h  none o f  t h e  f a c t o r s  i n  Eq.  ( ? 8 ) a p p e a r  t o  depend
n_ ( t )  = ( 1 - t ^  ) n ( 0 ) (7 9 )
d e p e n d e n t  form o f  X  ^  i s
X L (t) » X L (o)/( l  - tu )1/2 ( 80 )
v a l u e s  o f  Mo) t u r n  o u t  to  be  h i g h e r  t h a n  what one would  e x p e c t
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on s i z e  o r  p u r i t y .  Th is  f a i l u r e  o f  th e  London th e o r y  w i l l  be 
d i s c u s s e d  in  a l a t e r  s e c t i o n .
In 1953 P ip p a r d  m easured  t h e  p e n e t r a t i o n  d e p t h  i n  a  
s e r i e s  o f  d i l u t e  a l l o y s  o f  indium i n  t i n ,  and  fo und  t h a t  th e  
d e c r e a s e  in  t h e  normal e l e c t r o n i c  mean f r e e  p a th  o f  t h e  m e ta l  
was accompanied by an a p p r e c i a b l e  r i s e  i n  t h e  v a lu e  o f  \ ( 0 ) .
Such a  dependence  o f  X.(0) on th e  mean f r e e  p a th  i s  q u i t e  incom­
p a t i b l e  w i th  t h e  London m ode l ,  s i n c e  none o f  th e  p a r a m e t e r s  i n  
th e  d e f i n i n g  Kq. (?8 )  v a r i e s  a p p r e c i a b l y  w i th  t h e  e l e c t r o n i c
mean f r e e  p a t h .  T h i s  e x p e r i m e n t a l  r e s u l t ,  p l u s  t h e  above
24ment ioned  i n c o r r e c t n e s s  o f  th e  London model,  l e d  P i p p a r d  to
d e v e l o p  a fu n d am en ta l  m o d i f i c a t i o n  o f  t h i s  model.
Based on the  c o n c e p t  o f  the  r a n g e  o f  c o h e r en c e  o f  t h e  
s u p e r c o n d u c t i n g  wave f u n c t i o n s  a c c o r d i n g  to  which t h e  o r d e r  
p a r a m e t e r  c h an g e s  g r a d u a l l y  o v e r  a  c e r t a i n  d i s t a n c e  % , t h e
t y p i c a l  s i z e  o f  th e  Cooper  p a i r s ,  P i p p a r d  p ro p o se d  t h a t  X. 
shou ld  have  t h e  form
where % i s  t h e  range  o f  cohe rence  o f  t h e  pure  s u p e r c o n d u c t o r  
(■felt) ^cm) and ^  (£.) i s  an  e f f e c t i v e  r a n g e  o f  c o h e r e n c e  o f  t h e  
m e ta l  dep en d in g  on th e  mean f r e e  p a th  JL . As e x p e r i m e n t a l l y  X  
i s  found to  i n c r e a s e  w i th  d e c r e a s i n g  jL , i t  i s  c l e a r  t h a t
must d e c r e a s e  a s  L  d e c r e a s e s .  T h i s  i s  t h e  r e s u l t  o f  t h e  s o -
24 25c a l l e d  P i p p a r d  n o n - l o c a l  t h e o r y  which i 3  p roved  by Bardeen
to  be e n t i r e l y  e q u i v a l e n t  to  th e  BCS th e o r y  i f  one assumest
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= * v 0 / ttA(O) (82)
where 2 A ( o )  i s  th e  en e rg y  gap a t  0 °K and v q  I s  t h e  Fermi v e l o ­
c i t y  a t  0 °K. S u b s t i t u t i n g  the  BCS v a l u e  2 A ( o )  = 3 . 5 2 ^ 3 ^
Kq . ( 8 2 ) becomest
-  O . l8 h v 0 /  k ^  (83 )
For  Kb, vq = 3 .4x10^ cm /sec  and = 9.46°K.  Hence,  = 494
F o r  th e  c a s e  o f  sm a l l  o r  impure s p ec im en s  where t h e  mean 
f r e e  p a th  H, i s  l i m i t e d  by boundary  a s  w e l l  a s  i m p u r i t y  s c a t t e r i n g ,  
P ip p a rd  assum es  t h a t
—  •  —  + _ L  ( » )
K o  i 0
where od i s  a  c o n s t a n t  o f  o r d e r  u n i t y .
From th e  above  e x p r e s s i o n  i t  i s  c l e a r  t h a t  % (&) t e n d s  t o  a s
j(, » •« , b u t  t h a t  id)  -■* jL a s  Jl —* 0.
F u r th e r m o re ,  i t  i s  now g e n e r a l l y  a c c e p t e d  t h a t  whenever
one a p p l i e s  the  e q u a t i o n  o f  th e  P i p p a r d  t h e o r y  t o  t h e  c a s e  o f  
sm a l l  o r  impure sp ec im en s ,  one o b t a i n s  good ag reem en t  by modi­
f y i n g  Eq. (81) t o 2b
x  - \ J m  <85>
where X ^  i s  now t h e  e m p i r i c a l  p e n e t r a t i o n  d e p t h  f o r  a  b u l k
sample and  t a k e s  th e  p l a c e  o f  t h e  London v a l u e  X L *
A b (o)  f o r  Nb i s  970 X, a s  d e t e r m in e d  by M a x f ie ld  and
McLean2^ in 196fi. Hence,  by Eq. ( 8 0 ) ,  X , a t  4 .2°K  i s  e q u a l  t o  480 %.
CHAPTER I I I
APPARATUS AND EXPERIMENTAL PROCEDURES
The t h r e e  In d e p e n d en t  components  f o r  t h i s  e x p e r im e n t  
c o n s i s t  o f  t h e  f o l l o w i n g )  good s u p e r c o n d u c t i n g  s am p le s ,  a r e l i ­
a b l e  e l e c t r o - m e c h a n i c a l  d e v i c e  f o r  p o i n t  c o n t a c t  a d j u s t m e n t ,  and 
a v a r i e t y  o f  microwave s o u r c e s .  These  t h r e e  a r e  th e n  combined i n  
a  c r y o s t a t  t o  perform t h e  a c t u a l  e x p e r im e n t .  C a r e f u l  r f  and  magne­
t i c  s h i e l d i n g  and  t e m p e r a t u r e  s t a b i l i t y  a r e  r e q u i r e d  in  th e  
c r y o s t a t  b e c a u s e  o f  t h e  s e n s i t i v i t y  o f  t h e  j u n c t i o n  to  m ag n e t ic  
f i e l d s ,  r f  r a d i a t i o n ,  and t e m p e r a t u r e  changes .  The d e s ig n  o f  
t h e  c r y o s t a t  i s  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n  o f  t h i s  c h a p t e r .
T h i s  s e c t i o n  I s  fo l l o w e d  by d e s c r i p t i o n s  o f  t h e  p o i n t  c o n t a c t  
a d j u s t i n g  d e v i c e ,  sample p r e p a r a t i o n ,  and  the  microwave s y s te m .  
Measurement o f  j u n c t i o n  v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s  and a  
v i d e o  d e t e c t i o n  t e c h n i q u e  w i l l  be d i s c u s s e d  i n  t h e  l a s t  two 
s e c t i o n s  o f  t h i s  c h a p t e r .
A. C r y o s t a t
The c r y o s t a t  and  t h e  m agnet ic  s h i e l d  a r r a n g e m e n t  a r e  
shown in  F i g .  7 .  The f i n a l  e x p e r im e n t s  a r e  p e r fo rm ed  in  a  15 cm 
i n n e r  d i a m e t e r  s u p e r i n s u l a t e d  m e ta l  dewar  ( a) w i t h  no l i q u i d  
n i t r o g e n  s h e l l .  A c o n v e n t i o n a l  g l a s s  dewar  w i t h  l i q u i d  n i t r o g e n  
s h e l l  i s  a l s o  u sed  in  e a r l i e r  e x p e r i m e n t s .  The Pb p l a t e d  can
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Dewar and M agnetic  S h i e l d i n g  (N ot to  S c a le )
i+2
( c )  i s  f a b r i c a t e d  by e l e c t r o p l a t i n g  Pb on t h e  i n s i d e  and  o u t s i d e  
o f  a  Cu can  o f  a b o u t  9 cm o u t e r  d i a m e te r  and  30 cm i n  l e n g t h .  The 
to p  o f  t h e  can ( c )  i s  f a s t e n e d  to  t h e  W aveguide ( B ) .  The room 
te m p e r a t u r e  end  o f  th e  w avegu ide  (B) i s  s e a l e d  w i th  a  m y la r  
window. In  o r d e r  f o r  th e  j u n c t i o n  t o  be i n  c o n t a c t  w i th  a  
c o n s t a n t  t e m p e r a tu r e  b a th ,  l i q u i d  h e l iu m  i s  a l lo w e d  i n t o  th e  
can  th r o u g h  s m a l l  h o l e s  i n  t h e  t o p  and  b o t to m  o f  t h e  c a n .
The 19 mm d ia m e te r  and  .7 3  mm t h i c k  Nb sam ple  (E) i s  
mounted on th e  end  o f  th e  w av eg u id e  (B) w i th  a  b r a s s  f l a n g e  and  
two I n  o - r i n g  s e a l s  ( F ) . The I n  s e a l s  a r e  t o  s t o p  m ic row aves  fro m  
l e a k i n g  o u t  from  t h e  s i d e s  o f  t h e  s u b s t r a t e .  To f u r t h e r  p r e v e n t  
s t r a y  m ic row aves  from r e f l e c t i n g  b a ck  to  th e  j u n c t i o n  3 mm t h i c k  
no n m ag n e t ic  m icrow ave a b s o r b e r s  (H) a r e  p la c e d  be tw een  t h e  j u n c t i o n  
and  a l l  s u r r o u n d in g  Pb s h i e l d s .  The m icrow ave a b s o r b e r  u s e d  I s  
C a s t a b l e  C arboflow  C-126 m a n u fa c tu r e d  by M icrowave F i l t e r  Company,
I n c .
A p o in t e d  Nb-TI w ire  ( c )  i s  mounted on th e  to p  p l a t e  o f  
a  s o f t  Be-Cu b e l lo w s  ( j )  w i th  an  i n s u l a t i n g  m ount.
The Pb s h i e l d  ( l ) ,  t h e  b e l lo w s  ( j ) ,  an d  t h e  s u p e r c o n d u c t in g  
s o l e n o i d  (K) a r e  m ounted on t h e  a d j u s t a b l e  mount (D) w h ich  i s  
a t t a c h e d  to  t h e  w avegu ide  ( B ) . The p o i n t e d  Nb-Ti w i r e  I s  
i n i t i a l l y  s e p a r a t e d  from th e  Nb f i l m  by a  gap  o f  l e s s  th a n  .7  
mm. The c o n t a c t  i s  th e n  made to  t h e  f i lm  w h i l e  th e  a p p a r a t u s  I s  
immersed in  l i q u i d  h e l iu m  by s t r e t c h i n g  t h e  b e l lo w s  ( j )  w hich i s  
o p e r a t e d  by th e  s o l e n o i d  (K ) .  The d e t a i l s  o f  t h i s  e l e c t r o ­
m e c h a n ic a l  d e v ic e  i s  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .
3^Each o f  th e  f o u r  e l e c t r i c a l  l e a d s  i n t o  t h e  d ew ar ,  two 
f o r  t h e  f i l m  and  two f o r  t h e  w i r e ,  i s  in d e p e n d e n t ly  s h i e l d e d  i n  
a  g rounded  3 nun tu b e .  To m in im ize  r f  p ic k u p  from  o u t s i d e  t h e  
dew ar, t h e r e  i s  a  co m m erc ia l  lo w - p a s s  L C - f i l t e r  i n  e ach  l e a d .
The c r y o s t a t  c a n  be o p e r a t e d  a t  any  t e m p e r a t u r e  b e tw een  
U,2°K to  1 . 6°K by pumping on t h e  l i q u i d  h e l iu m .
B. An E l e c t r o m e c h a n ic a l  D evice  f o r  A d ju s t i n g  S u p e r c o n d u c t in g  
P o i n t  C o n ta c t  C h a r a c t e r i s t i c s
The a p p a r a t u s  i s  i l l u s t r a t e d  in  P i g ,  8 .  Oux* j u n c t i o n s  
a r e  form ed by p r e s s i n g  th e  p o i n t e d  end  o f  a  0 . 6  mm d i a m e t e r  Nb-Ti 
w ire  o n to a  Nb t h i n  f i lm  m ounted a t  t h e  open end o f  a  w av eg u id e .
The d e s i r e d  i u n c t i o n  V-I c h a r a c t e r i s t i c s  a r e  o b t a i n e d  by v a r y i n g  
t h e  p r e s s u r e  a t  t h e  p o i n t s .  The p o i n t e d  w ire  i s  m ounted u p r i g h t  
on to p  o f  a  s o f t  b e l lo w s  w hich  i s  ex p an d ed  by t h e  com bined  
m a g n e t ic  r e p u l s i o n  o f  a  s o l e n o i d  on a  s u p e r c o n d u c t in g  p l a t e  
and  th e  a t t r a c t i o n  o f  t h e  s o l e n o i d  t o  a  f e r r o m a g n e t i c  d i s c .
A b s o lu te  s t a b i l i t y  a t  t h e  c o n t a c t  i s  a c h i e v e d  by p u t t i n g  th e  
s o l e n o i d  i n t o  a  p e r s i s t e n t  mode. T h i s  k in d  o f  s t a b i l i t y  i s  n o t
e a s i l y  a c h ie v e d  w i th  a p u r e l y  m e c h a n ic a l  d e s ig n  su ch  a s  th e
28commonly u sed  d i f f e r e n t i a l  th r e a d e d  m echanism .
R e f e r r i n g  to  F i g .  8 ,  t h e  s o l e n o i d  a s s e m b ly  i n s i d e  t h e  
b e l lo w s  c o n s i s t s  o f  1500 t u r n s  o f  0 . 3  mm d i a m e t e r  Nb-Ti w ire  
wound on a  s o f t  i r o n  s p o o l  w i th  a  3 ram d i a m e t e r  c l e a r a n c e  h o le  
th ro u g h  i t s  a x i s  and  w i th  a  c a v i t y  a t  one end  f o r  a  s m a l l  i r o n  



























Drawing o f  th e  P o in t  C o n tac t A d ju s t in g  Device
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to  t h i s  d i s c  i s  f i t t e d  l o o s e l y  th ro u g h  t h e  h o l e .  The b o ttom  
o f  t h e  s o l e n o i d  i s  f i x e d  on a  b a s e  p l a t e .  The end w i r e s  o f  t h e  
s o l e n o i d  w i th  t h e i r  c o p p e r  c o a t i n g  ta k e n  o f f  a r e  j o i n e d  t o g e t h e r  
by s p o t  w e ld in g  to  form a  s u p e r c o n d u c t in g  l o o p .  A h e a t  s w i tc h  
i s  p u t  in  th e  l o o p  by b a r i n g  a b o u t  1 cm o f  w i r e  and  by g l u e i n g  
a  l / 4  W, 100 ohm r e s i s t o r  a ro u n d  i t  w i th  epoxy . I t  i s  o p e r a t e d  a t  
10 V and 80 mA. Two c o p p e r  w i r e s  t c  be  u s e d  a s  s u p p ly  l e a d s  
to  t h e  s o l e n o i d  a r e  s o l d e r e d  t o  t h e  lo o p  a t  two p l a c e s ,  one a t  
each  s i d e  o f  t h e  h e a t  s w i t c h .  When t h e  h e a t  s w i t c h  i s  o n ,  t h i s  
s e c t i o n  o f  th e  lo o p  w i l l  be  d r i v e n  norm al and  m ost o f  t h e  c u r r e n t  
in  th e  s u p p ly  l e a d s  w i l l  f lo w  th r o u g h  th e  s o l e n o i d .  When th e  
heat, s w i tc h  i s  o f f ,  a  s u p e r c o n d u c t i n g  lo o p  fo rm s  and  th e  c u r r e n t  
i n  th e  s o l e n o i d  w i l l  f lo w  th ro u g h  t h e  s w i tc h  to  form  a  p e r s i s t e n t  
c u r r e n t .  The l / h t im e  c o n s t a n t  o f  t h e  s o l e n o i d  i s  a b o u t  300 
m sec .
The 0 ,1 2  mm w a l l  s o f t  Be-Cu b e l lo w s  i s  m a n u fa c tu r e d  by 
F le x o n ic s  D i v i s i o n ,  U n iv e r s a l  O i l  P r o d u c t i o n s  Company and  h a s  
a  s p r i n g  c o n s t a n t  o f  1 ,1  x 10^ d y n e s /c m . The d im e n s io n s  o f  th e  
b e l lo w s  a r e i  3*8 cm o u t e r  d i a m e t e r ,  2 .2 9  cm i n n e r  d i a m e t e r ,  3*43 
cm l e n g t h  and  10 c o r r u g a t i o n s .  A c i r c u l a r  p i e c e  o f  0 .6 4  mm 
t h i c k  Nb-Ti s h e e t  i s  g lu e d  on to p  o f  i t  w i th  e p o x y . The b o tto m  
o f  t h e  b e l lo w s  i s  f i x e d  on th e  same b a s e  p l a t e  a s  t h a t  o f  t h e  
s o l e n o i d .  When a  c u r r e n t  i s  p a s s e d  th r o u g h  t h e  s o l e n o i d ,  two 
f o r c e s  com bine to  s t r e t c h  t h e  b e l lo w s .  One i s  t h e  a t t r a c t i o n  
be tw een  th e  s o l e n o i d  and t h e  s o f t  i r o n  d i s c  w hich p u s h e s  t h e  ro d  up 
a g a i n s t  t h e  to p  p l a t e .  The o t h e r  I s  th e  r e p u l s i o n  be tw een  t h e
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m a g n e t ic  f i e l d  g r a d i e n t  o f  t h e  s o l e n o i d  a n d  t h e  s u p e r c o n d u c t in g  
to p  p l a t e .  W ith a  c u r r e n t  o f  10 X an  e l o n g a t i o n  o f  a b o u t  3 nun 
i s  o b t a i n e d .
E n c lo s in g  t h e  b e l l o w s ,  a t  a  d i s t a n c e  o f  a b o u t  6 mm away 
on a l l  s i d e s ,  i s  a  0 .2 5  nu" t h i c k  l e a d  s h i e l d .  The d i s t a n c e  i s  t o  
a l lo w  th e  m a g n e t ic  f i e l d  i n  t h e  s o l e n o i d  t o  d ro p  o f f  so  t h a t  th e  
maximum f i e l d  a t  t h e  s h i e l d  i s  l e s s  th a n  t h e  c r i t i c a l  f i e l d  o f  
l e a d  (570  o e r s t e d  a t  4 .2 ° K ) .  No m a g n e t ic  d i s t u r b a n c e  i s  o b s e r v e d  
a t  t h e  p o i n t  c o n t a c t  a s  i t  i s  d o u b ly  s h i e l d e d  by t h e  l e a d  f o i l  a s  
w e l l  a s  by th e  N b-T i to p  p l a t e  which h a s  a  h i g h e r  c r i t i c a l  f i e l d  
than  l e a d .
A t y p i c a l  run  u s i n g  t h i s  a p p a r a t u s  i s  to  s e t  t h e  p o i n t  
a t  a  d i s t a n c e  o f  a b o u t  0 . 7  mm from  t h e  Nb f i l m .  The V -I c h a r a c ­
t e r i s t i c s  o f  t h e  j u n c t i o n  a r e  d i s p l a y e d  on an  o s c i l l o s c o p e .
I n i t i a l  c o n t a c t  c an  u s u a l l y  be  made w i th  a  s o l e n o i d  c u r r e n t  o f  
a b o u t  2 5L The z e r o  v o l t a g e  c u r r e n t  ( d . c .  J o s e p h s o n  c u r r e n t )  
can  th e n  be a d j u s t e d  sm o o th ly  from  a b o u t  40 to  a b o u t  2 ma 
on a  t y p i c a l  j u n c t i o n  w i t h  a  c u r r e n t  in c re m e n t  o f  o n ly  2 a m p e re s .
In  P i g .  9 a  p l o t  o f  j u n c t i o n  c r i t i c a l  c u r r e n t  v s .  s o l e n o i d  c u r r e n t  
f o r  a  t y p i c a l  run  i s  shown. The sm o o th n ess  o f  o p e r a t i o n  i s  
i n d i c a t i v e  t h a t  we have  a  v e r y  f i n e  l i n e a r  m o tio n  a t  t h e  p o i n t s .
The z e r o  v o l t a g e  c u r r e n t  w i l l  re m a in  s t a b l e ,  f o r  p e r i o d s  o f  
h o u r s ,  on ce  t h e  s o l e n o i d  c u r r e n t  i s  p u t  I n t o  a  p e r s i s t e n t  lo o p .
The l a c k  o f  s e n s i t i v i t y  to  m e c h a n ic a l  v i b r a t i o n  and  t o  s m a l l  
m e c h a n ic a l  sh o ck s  i s  i n d i c a t e d  by b a n g in g  t h e  d ew ar w i th  t h e  
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SOLENOID CURRENT (A)
FIGURE 9
d e l a t i o n  b e tw een  J u n c t i o n  C r i t i c a l  C u r r e n t  a n d  S o le n o id  
C u r r e n t  f o r  a  T y p ic a l  J u n c t i o n
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c h a r a c t e r i s t i c s  i s  o b se rv ed .
C. Sample P r e p a r a t io n  and E l e c t r i c a l  C onnec tions
A u s a b le  sample c o n s i s t s  o f  th e  fo l lo w in g  two p a r t s i  an 
e v a p o ra te d  s u p e rc o n d u c t in g  f i lm  and a  p o in te d  s u p e rc o n d u c t in g  w ire . 
The p r e p a r a t i o n  o f  th e  f i lm  i s  th e  most t im e  consuming p o r t i o n  
o f  t h i s  exper im en t and  w i l l  be d is c u s s e d  n e x t  fo llo w ed  by the  
p r e p a r a t i o n  o f  a  p o in te d  w ire ,
Niobium i s  th e  s u p e rc o n d u c to r  used  f o r  the  th in  f i l m  
e v a p o ra t io n  because  o f  i t s  h ig h  t r a n s i t i o n  te m p e ra tu re  and the
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h a rd n e s s  o f  the  m e ta l .  A lthough t h e r e  a r e  a  number o f  methods 
a v a i l a b l e  f o r  p r e p a r in g  Nb f i l m s ,  i t  a p p e a rs  t h a t  none h a s  a t te m p ted  
f i lm s  o f  th i c k n e s s  l e s s  than  100 ft. I n  t h i s  l a b o r a to r y  a  s u c c e s s ­
f u l  method i s  d eve loped  f o r  p r e p a r in g  Nb f i l m s  a s  t h in  a s  30 ft 
by e l e c t r o n  beam e v a p o r a t in g  Nb in  a Veeco h ig h  vacuum t h i n  f i lm  
e v a p o r a to r  Model VE-??0.
Due to  th e  f a c t  t h a t  t h e r e  i s  a  slow d e t e r i o r a t i o n  o f  th e  
s u p e rc o n d u c t in g  p r o p e r t i e s  o f  th e s e  u n p ro te c te d  f i l m s ,  a new s e t  
o f  sam ples i s  r e q u i r e d  f o r  each r u n .  The im p o r ta n t  p a ra m e te rs
f o r  making th e  Nb f i lm s  used  in  t h i s  exper im en t a r e  g iv en  in
T able  I . H igher e v a p o r a t io n  r a t e s  mean h ig h e r  p u r i t y  f o r  th e  
f i lm s .  The 10 ft/sec  e v a p o r a t io n  r a t e  f o r  Nb i s  ab o u t t h e  maximum 
f o r  t h i s  p a r t i c u l a r  vacuum system , p robab ly  t h e  f a u l t  o f  th e  
m a t e r i a l .  At h ig h e r  e v a p o r a t io n  r a t e s  th e  Nb i s  g e t t i n g  s p u t t e r e d  
o u t  o f  th e  c r u c ib l e  becau se  th e  g a s  t ra p p e d  in  th e  m olten  Nb d id
n o t  have a chance to  e sc a p e .
^9
TABLE I  
EVAPORATION PARAMETERS
M a t e r i a l  
D e p o s i t i o n  R a te  
E l e c t r o n  Beam Power 
Thi c k n e s s  
S u b s t r a t e  M a t e r i a l  
S u b s t r a t e  T e m p e ra tu re  
E v a p o r a t i o n  P r e s s u r e
Nb
A p p ro x . 10 X /s e c
2 . 5  kW
3 0 - 1 , 0 0 0  X
S a p p h i r e  
A b o u t 400°C
_7
1 t o  5 * 10 mmHg
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The s a m p le s  a r e  p r e p a r e d  by e l e c t r o n  bean  e v a p o r a t i n g  
Nb o n to  t h r e e  c i r c u l a r  and  s i x  r e c t a n g u l a r  p o l i s h e d  s a p p h i r e  
s u b s t r a t e s  p u rc h a s e d  from A d o lf  M e l l e r  Company. The r e c t a n g u l a r  
on es  o f  d im e n s io n s  1 .2 7  cm x 2.5** cm and  .6 4  mm a r e  t e s t  sam p les  
w h i lo  t h e  c i r c u l a r  on es  o f  d im e n s io n s  19 mm d i a .  x . 7 6  mm a r e  u s e d  
in  t h e  a c t u a l  r u n .  The Nb u sed  i s  99.99% p u re  and  p u rc h a s e d  from  
M a t e r i a l  R e s e a rc h  C o r p o r a t i o n .  The s a p p h i r e  s u b s t r a t e s  a r e  much 
b e t t e r  th an  th e  g l a s s  s u b s t r a t e s  u se d  e a r l i e r  i n  t h i s  e x p e r im e n t  
b e c a u s e  o f  i t s  much h i g h e r  t r a n s m i t t a n c e  i n  th e  f a r  i n f r a r e d  
and i t s  much h i g h e r  th e rm a l  c o n d u c t i v i t y .
The s u b s t r a t e s  a r e  f i r s t  c l e a n e d  i n  48% h y d r o f l u o r i c  
a c i d  to  e t c h  away any o l d  Nb from  p r e v i o u s  e v a p o r a t i o n s .  S e c o n d ly ,  
th e y  a r e  c le a n e d  by s u c c e s s i v e l y  r i n s i n g  w i th  d i s t i l l e d  w a te r ,  
s c r u b b i n g  w i th  m e th y l  a l c o h o l ,  a n d  u l t r a s o n i c a l l y  c l e a n e d  i n  
f r e o n .  The l a s t  p o r t i o n  o f  t h i s  p ro c e d u re  i s  p e r fo rm e d  in  a  
d u s t  f r e e  l a m i n a r  f lo w  c l e a n  b e n ch .  The s u b s t r a t e s  a r e  mounted on 
a  h o l d e r  and p u t  d i r e c t l y  i n t o  th e  e v a p o r a t o r ,  w hich i s  th e n  
e v a c u a te d .
D uring  e v a c u a t i o n  a  1000 W q u a r t z  f i l a m e n t  lamp h e a t e r  
mounted d i r e c t l y  above  th e  s u b s t r a t e  h o l d e r  i s  t u r n e d  o n .  The 
s u b s t r a t e  t e m p e r a t u r e  i s  m a in t a in e d  a t  a b o u t  400°C by th e  h e a t e r  
t h e r e a f t e r  u n t i l  t h e  e v a p o r a t i o n  i s  f i n i s h e d ,  w hich u s u a l l y  
t a k e s  more than  tw e lv e  h o u r s .  A 1 ,6  mm c o p p e r  p l a t e  p l a c e d  on 
to p  o f  t h e  s u b s t r a t e  h o l d e r  i s  t h e r e  to  p r o v i d e  more u n ifo rm  
h e a t i n g  t o  a l l  s u b s t r a t e s .  The t e m p e r a t u r e  o f  th e  s u b s t r a t e s  i s  
m o n i to r e d  w ith  a  c o p p e r - c o n s t a n t i n  th e rm o c o u p le  i n  c o n t a c t  w i th  
th e  s u b s t r a t e  h o l d e r .  The h e a t i n g  p r o c e s s  i n c r e a s e s  a d h e s io n  o f
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o f  t h e  f i l m  to  t h e  s u b s t r a t e s  by b a k in g  o u t  t r a p p e d  g a s e s  and 
w a te r  m o le c u le s  l e f t  on th e  s u b s t r a t e s .
The b e l l  j a r  i s  l e f t  pumping o v e r n i g h t  w i th  t h e  l i q u i d  
n i t r o g e n  c o ld  t r a p  b e in g  to p p e d  a t  a l l  t im e s  w i th  an  a u to m a t ic  
l i q u i d  n i t r o g e n  f i l l i n g  d e v i c e .  The c o ld  t r a p  i s  e s s e n t i a l  in  
k e e p in g  any o i l  v a p o r  from g e t t i n g  i n t o  t h e  b e l l  j a r .  A f t e r  a b o u t  
e i g h t  h o u r s  o f  pum ping, b a k in g ,  and  c o l d  t r a p p i n g  th e  r e s i d u a l  
p r e s s u r e  i n  th e  b e l l  j a r  s h o u ld  b e  l e s s  t h a n  1 x 10 mmHg.
F u r t h e r  c l e a n i n g  i s  p r o v id e d  i n  t h e  e v a p o r a t o r  where th e  
s u b s t r a t e s  a r e  ex p o se d  to  an  a rg o n  glow d i s c h a r g e  a t  20 -40  m ic ro n s  
p r e s s u r e  f o r  4-5 m in . The d i s c h a r g e  i s  e x c i t e d  by a  10 MHz r f  
f i e l d  o f  a p p r o x im a te ly  50 v o l t s .  The glow d i s c h a r g e  c l e a n i n g  p r o c e s s  
makes an o b v io u s  im provem ent in  f i l m  q u a l i t y  by g r e a t l y  r e d u c i n g  
t h e  number o f  p in h o l e s .
The s u b s t r a t e s  a r e  a r r a n g e d  i n  t h r e e  co lum ns on th e  
s u b s t r a t e  h o l d e r  a s  shown i n  F ig .  1 0 a .  The s u b s t r a t e s  a r e  
s h i e l d e d  from  t h e  e v a p o r a n t  by a  m e c h a n ic a l  s h u t t e r .  The e v a p o ­
r a t i o n  r a t e  i s  e s t a b l i s h e d  o v e r  a  p e r i o d  o f  a b o u t  t h r e e  h o u r s  by 
i n c r e a s i n g  i n  s m a l l  i n c r e m e n t s  t h e  e l e c t r o n  beam pow er from
z e r o  t o  2 .5  kW. D uring  t h i s  p ro c e d u re  t h e  h ig h  vacuum p r e s s u r e
-7i s  c a r e f u l l y  m o n i to re d  to  be s u r e  i t  d o e s  n o t  e x c e e d  5 x 10  
mmHg. In  o r d e r  to  g u a r a n t e e  th e  b e s t  p o s s i b l e  f i l m  q u a l i t y  t h e  
d e p o s i t i o n  r a t e  i s  m a in t a in e d  f o r  a n o t h e r  two h o u r s  a f t e r  i t  h a s  
been e s t a b l i s h e d  b e f o r e  d e p o s i t i n g  th e  f i l m s .  The p o s i t i o n  o f  
th e  s h u t t e r  i s  u sed  to  c o n t r o l  th e  e v a p o r a t i o n  t im e  on each  
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t h i c k n e s s e s  a r e  o b t a i n e d  in  one e v a p o r a t i o n .
The t h i c k n e s s  o f  t h e  sam ple  i s  m o n i to r e d  w i th  a  S lo an  
t h i c k n e s s  m o n i to r .  The o u t p u t  s i g n a l  from  t h e  t h i c k n e s s  m o n i to r  
i s  p r o p o r t i o n a l  to  t h e  t h i c k n e s s  o f  th e  f i l m .  An e v a p o r a t i o n  r a t e  
o f  a b o u t  10  % /sec  a t  p r e s s u r e s  1 - 5  x 10 ^  mmHg i s  found  t o  be 
most s a t i s f a c t o r y .  A f t e r  th e  f i l m  i s  d e p o s i t e d  t h e  e l e c t r o n  beam 
and  th e  q u a r t z  f i l a m e n t  lamp a r e  t u r n e d  o f f  a n d  t h e  s u b s t r a t e s  a r e  
a l lo w e d  to  c o o l  to  room te m p e r a tu r e  i n  h ig h  vacuum b e f o r e  re m o v a l.
C o n ta c t  i s  made to  th e  m e ta l  f i l m s  u s i n g  p u re  in d iu m  
s o l d e r  a p p l i e d  w i th  an  u l t r a s o n i c  i r o n .  These  c o n t a c t s  c a n  be 
r e c y c l e d  and  do n o t  seem to  a f f e c t  t h e  q u a l i t y  o f  th e  f i l m s .
C opper l e a d s  a r e  s o ld e r e d  to  th e  t e r m i n a l s  o f  e a c h  f i l m  f o r  
c u r r e n t - v o l t a g e  m easu rem en ts  a s  shown in  F i g .  10b .
A r e c t a n g u l a r  sam p le  i s  f i r s t  t e s t e d  in  a  l i q u i d  h e l iu m  
s t o r a g e  d ew ar f o r  i t s  s u p e r c o n d u c t in g  p r o p e r t i e s .  A good q u a l i t y  
s u p e r c o n d u c t in g  f i lm  s h o u ld  have  a  c r i t i c a l  c u r r e n t  d e n s i t y  an d  
a t r a n s i t i o n  t e m p e r a t u r e  c l o s e  t o  t h a t  o f  t h e  b u lk  m a t e r i a l .  A 
s e t  o f  t y p i c a l  f i l m  p a r a m e te r s  i s  shown i n  T a b le  I I .  I f  t h e  
t e s t  sam ple i s  s a t i s f a c t o r y ,  t h e  c i r c u l a r  f i l m  w i l l  be  u s e d  i n  
th e  ac  t u a l  ru n  .
The o t h e r  p a r t  o f  t h e  j u n c t i o n  i s  a  p o i n t e d  s u p e r c o n d u c t in g  
w i r e .  In  m ost o f  th e  r u n s  a  0 .7  mm d i a m e t e r  c o p p e r  c l a d  N b-T i 
w ire  i s  u s e d .  In  th e  r e s t  o f  t h e  r u n s  a  2 ,5  ™  d i a m e t e r  p u re  
Nb rod  i s  u sed  i n s t e a d .  The p o i n t i n g  p ro c e d u re  i s  t h e  same f o r  
b o th  w i r e s .




F i lm  
Thi c k n e s s
R e s i s t i v i t y  R a t i o  
/*3 0 0 °K/  ^ ^U .2 °K
C r i t i c a l  C u r r e n t  
D e n s i t y  A/cm^
T r a n s i t i o n  
Temp. °K
B u lk 1 0 0 2  x 1 0 5 9 .4 6 *
5 0 0  X 4 , 7 1 . 2 5  x 1 0 b 9 . 4
2 0 0  % 4 . 6 2 . 6  x 1 0 6 9 .3
1 0 0  % 4 . 9 2 . 5  x 1 0 6 8 . 5
50 X 4 . 8 1 . 7  x 1 0 6 7 . 1
♦ F o r  r e f e r e n c e  s e e  B. W. R o b e r t s ,  S u p e r c o n d u c t i v e  M a t e r i a l s  a n d  
Some o f  t h e i r  P r o p e r t i e s ,  NBS T e c h n i c a l  N o te  408 ( 1 9 6 6 )  .
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o f  i t  i s  m e c h a n i c a l l y  g ro u n d  t o  a  c o n e  s h a p e  w i th  a p p r o x i m a t e l y  
a  UQ° h a l f  co n e  a n g l e .  T h i s  end  i s  f u r t h e r  c h e m i c a l l y  e t c h e d  by 
d i p p i n g  m o m e n ta r i ly  i n  a  s o l u t i o n  o f  l i l i l  h y d r o f l u o r i c  a c i d ,  
n i t r i c  a c i d ,  a n d  d i s t i l l e d  w a t e r .  A f t e r  r i n s i n g  i n  d i s t i l l e d  
w a t e r  t h e  p o i n t  i s  ex am ined  u n d e r  a  10X m ic r o s c o p e .  The t i p  
o f  t h e  cone  s h o u l d  h av e  a  p o s i t i v e  c u r v a t u r e  an d  a  d i a m e t e r  o f  
a b o u t  25 m ic r o n s .  I f  t h i s  i s  n o t  t h e  c a s e ,  t h e  a b o v e  p r o c e s s  
w i l l  be r e p e a t e d  u n t i l  t h e  d e s i r e d  s h a p e  o f  t h e  p o i n t  i s  o b t a i n e d .
A f i n e r  p o i n t  w i th  a  s m a l l e r  h a l f  co n e  a n g l e  would  seem 
t o  r e d u c e  th e  c a p a c i t a n c e  o f  t h e  p o i n t  c o n t a c t  a n d  f u r t h e r  e n h a n c e  
t h e  d e t e c t i v i t y  o f  t h e  j u n c t i o n  a t  h i g h  f r e q u e n c i e s .  However, 
t h i s  i s  o f  l i t t l e  a d v a n ta g e  f o r  t h e  p r e s e n t  e x p e r i m e n t  b e c a u s e  
a f t e r  e a c h  ru n  t h e  p o i n t  i s  fo u n d  t o  b e  f l a t t e n e d  t o  a b o u t  1 0 0  
m ic r o n s  in  d i a m e t e r  f o r  t h e  N b-T i w i r e  a n d  a b o u t  200 m ic ro n s  i n  
d i a m e t e r  f o r  t h e  Nb ro d  d u e  t o  t h e  h a r d n e s s  o f  t h e  s a p p h i r e  
s u b s t r a t e .
Two c o p p e r  w i r e s  a r e  s o l d e r e d  t o  t h e  c o p p e r  c l a d  N b-T i 
w i r e  w i th  P b -S n  s o l d e r  f o r  c u r r e n t - v o l t a g e  m e a s u re m e n ts .  I n  
t h e  c a s e  o f  p u r e  Nb c o n t a c t  I s  made t o  t h e  r o d  by  s p o t  w e ld in g  two 
N b-T i w i r e s .
D. M icrowave S o u r c e s  a n d  H arm onic  G e n e r a t o r s
Two m icrow ave  s o u r c e s  and  two h a rm o n ic  g e n e r a t o r s  a r e  
u s e d  In  t h i s  e x p e r im e n t .  The com bined  m icrow ave s o u r c e s  s p a n  a  
f r e q u e n c y  r a n g e  from  22 GHz to  105 GHz. I t  I s  i n  t h i s  f r e q u e n c y  
r a n g e  t h a t  m o s t  o f  o u r  d a t a  a r e  t a k e n .
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The lo w e r  f r e q u e n c y  s o u rc e  I s  a  50 mW Gunn e f f e c t  o s c i l l a ­
t o r  w i th  a  c e n t e r  f r e q u e n c y  a t  2 2 .1 2 5  GHz. The h i g h e r  f r e q u e n c y  
s o u r c e  i s  a  200 mW OKI 35 V12 K ly s t r o n  w i th  a  c e n t e r  f r e q u e n c y  
a t  35 GHz. Two harm onic  g e n e r a t o r s ,  b o t h  o f  t h e  G o r d y ^ '  ^  
c r o s s  w aveguide  ty p e ,  a r e  u s e d  to  g e n e r a t e  th e  t h i r d  h a rm o n ic s  
from th e  two fu n d a m e n ta l  s o u r c e s .  The d e t a i l s  o f  t h e  harm onic  
g e n e r a t o r s  w i l l  be  d e s c r i b e d  below .
A b lo c k  d iag ram  o f  t h e  m icrow ave sy s tem  i s  shown in  F i g .
11 . The c h o p p in g  o f  th e  22 GHz m icrow ave i s  p r o v id e d  by an  e x t e r n a l  
s q u a r e  wave m o d u la t in g  th e  d . c ,  Gunn d io d e  power s u p p l y ,  w h e rea s  
th e  35 GHz m icrow ave i s  chopped  by an  i n t e r n a l  s q u a r e  wave modu­
l a t i o n  in  th e  K l y s t r o n  pow er s u p p ly .  The ch o p p in g  c i r c u i t  f o r  
th e  Gunn d io d e  i s  shown in  F ig ,  12 . A c o n v e n ie n t  c h o p p in g  f r e ­
quen cy  f o r  b o th  s o u r c e s  i s  a ro u n d  500 c p s .  The c h o p p in g  o f  t h e  
m ic row aves  i s  n e ed e d  f o r  p h a se  s e n s i t i v e  d e t e c t i o n .  The o u tp u t  
w a v e g u id e s  o f  t h e  35 GHz s o u r c e  and  t h e  two h a rm o n ic  g e n e r a t o r s  
a r e  c o u p le d  to  th e  RG 53/U w avegu ide  In  t h e  c r y o s t a t  v i a  s u i t a b l e  
t a p p e r e d  t r a n s i t i o n  s e c t i o n s .
The d e s i g n  o f  t h e  h a rm o n ic  g e n e r a t o r s  i s  e s s e n t i a l l y  t h e
3 5same a s  t h e  one d e s c r i b e d  i n  G o rd y 's  p a p e r .  J Two r e c t a n g u l a r  
w a v eg u id e s  o f  d i f f e r e n t  s i z e s ,  one f o r  th e  fu n d a m e n ta l  and  t h e  
o t h e r  f o r  th e  t h i r d  and h i g h e r  h a rm o n ic s ,  a r e  s o l d e r e d  t o g e t h e r  
a t  r i g h t  a n g l e s  to  each  o t h e r  w i th  t h e  l a r g e r  w a l l s  In  c o n t a c t .
The c o n t a c t i n g  w a l l s  a r e  t h i n n e d  to  250 m ic ro n s  in  o r d e r  to  
i n c r e a s e  t h e  c o u p l i n g  b e tw een  th e  two g u i d e s .  T h re e  h o l e s  o f  
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d r i l l e d  th ro u g h  th e  w a l l s  o f  t h e  c r o s s  w av eg u id es  a l o n g  t h e  a x i s  
p e r p e n d i c u l a r  t o  and  th ro u g h  t h e  c e n t e r  o f  t h e  c o n t a c t i n g  
s u r f a c e s .
The h a rm o n ic  g e n e r a t i n g  e le m e n t  c o n s i s t s  o f  a  . 5  nun x 
. 5  mm IN 53  s i l i c o n  c r y s t a l  c h i p  an d  a  p o i n t e d  5 0  m ic ro n s  d i a m e te r  
t u n g s t e n  c a t  w h i s k e r .  B oth  th e  c r y s t a l s  an d  c a t  w h i s k e r  a r e  
p u rc h a s e d  from A lpha I n d u s t r i e s ,  I n c .  A c r o s s  s e c t i o n a l  view  
o f  t h e  m u l t i p l i e r  i s  shown i n  P ig .  13 .
The c r y s t a l  i s  m ounted  on th e  p o s t  o f  a  d i f f e r e n t i a l  
sc rew  mechanism w i th  an e q u i v a l e n t  t r a v e l  o f  70 m ic ro n s  p e r  
r e v o l u t i o n .  The c r y s t a l  i s  p o s i t i o n e d  a t  t h e  c e n t e r  o f  th e  h o l e  
on t h e  o u t e r  w a l l  o f  th e  s m a l l  w a v eg u id e .  The c r y s t a l  can  "be 
r o t a t e d  and  be sc rew ed  in  an d  o u t  o f  t h e  h o l e  w i th o u t  r o t a t i o n  
and  w i th o u t  to u c h in g  th e  w a l l s  o f  th e  w a v e g u id e s .  T h i s  i s  to  
p r e v e n t  b re a k a g e  o f  th e  c r y s t a l  w h i le  i t  i s  i n s i d e  t h e  h o l e .
The t u n g s t e n  c a t  w h i s k e r  i s  e t c h e d  an d  c l e a n e d  t o  a  
sm ooth f i n e  p o i n t  i n  a  s o l u t i o n  o f  KOH, The e t c h i n g  i s  done by 
b a r e l y  d ip p in g  t h e  t i p  o f  t h e  c a t  w h is k e r  i n  KOH and  p a s s i n g  a  
s m a l l  a . c .  c u r r e n t  th ro u g h  t h e  c a t  w h i s k e r  and  th e  s o l u t i o n .
The e t c h i n g  s t o p s  when th e  b u b b l i n g  r e a c t i o n  a t  t h e  t i p  o f  th e  
c a t  w h is k e r  c e a s e s .  TTie c l e a n i n g  i s  done  by d ip p in g  a b o u t  0 . 5  
cm o f  t h e  c a t  w h i s k e r  in  t h e  same KOH s o l u t i o n  and p a s s i n g  a  
d . c ,  c u r r e n t  th ro u g h  th e  c a t  w h is k e r  and  th e  s o l u t i o n  f o r  a  few 
s e c o n d s ,
The p o i n t e d  c a t  w h i s k e r  i s  th e n  exam ined  u n d e r  a  m ic ro s c o p e .  
The p o i n t  s h o u ld  have  a  sm ooth cone  s h a p e  w i th  a  s m a l l  p o s i t i v e
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C ro s s  S e c t io n  D e t a i l s  o f  M u l t i p l i e r
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c u r v a t u r e  and  a  f i n e  t i p .  I f  t h e  p o i n t  i s  o v e r - e t c h e d  o r  u n d e r ­
e t c h e d ,  t h e  above  p r o c e d u r e s  a r e  r e p e a t e d  w i th  s l i g h t  v a r i a t i o n s  
i n  some o f  th e  p a r a m e te r s  u n t i l  t h e  d e s i r e d  p o i n t  sh ap e  i s  o b t a i n e d .
The e tc h e d  and  c le a n e d  c a t  w h is k e r  i s  m ounted on a  n y lo n  
screw  and  th e n  th r e a d e d  th ro u g h  t h e  h o l e s  i n  t h e  c r o s s  w av eg u id es  
u n t i l  i t  r e a c h e s  t h e  i n n e r  s u r f a c e  o f  t h e  o u t e r  h o le  i n  t h e  s m a l l  
w av eg u id e .  The bend i n  t h e  c a t  w h is k e r  p r o v i d e s  more s t r e n g t h  t o
t h e  p o i n t  c o n t a c t  and  a l s o  a c t s  a s  a  p a r t i a l  choke  t o  th e  h a rm o n ic s
g e n e r a te d  in  th e  s m a l l  w av eg u id e .
irfhen m o un ting  t h e  d i f f e r e n t i a l  sc rew  mechanism o n to  t h e  
c r o s s  w av eg u id es  i t  i s  b e s t  to  b a ck  o f f  t h e  c r y s t a l  f a r  enough  
so  t h a t  i t  en d s  up j u s t  o u t s i d e  t h e  o u t e r  h o l e  i n  th e  s m a l l
w av eg u id e .  The c r y s t a l  i s  th e n  a d v an c e d  s lo w ly  th ro u g h  th e  h o le
u n t i l  c o n t a c t  I s  made to  th e  c a t  w h is k e r .
The c o n d i t i o n  o f  th e  c o n ta c  t  i s  m o n i to r e d  w i th  a  s e n s i t i v e  
am m eter. The moment t h e  c a t  w h i s k e r  to u c h e s  t h e  c r y s t a l ,  a  m ic ro ­
wave in d u c e d  c u r r e n t  w i l l  show up i n  th e  am m eter .  I n  c a s e  t h e  
c a t  w h is k e r  h i t s  t h e  p o s t  o r  t h e  w a l l s  o f  t h e  waveguideB i n s t e a d  
o f  t h e  c r y s t a l  a  c u r r e n t  in  th e  o p p o s i t e  d i r e c t i o n  w i l l  r e s u l t .
The b e s t  c o n t a c t  i s  u s u a l l y  th e  f i r s t  c o n t a c t  w i th  t h e  l i g h t e s t  
p r e s s u r e  and  maximum in d u c e d  c u r r e n t  in  t h e  d i o d e .  A f t e r  a  few 
t r i a l s  t h e  c a t  w h is k e r  w i l l  become b l u n t  an d  i t  h a s  to  be  e t c h e d  
and c l e a n e d  a g a in .
The harm onic  o u t p u t  i s  t u n e d  to  maximum w i th  th e  two 
s h o r t i n g  p lu n g e r s  a t  one  o f  th e  e n d s  o f  e a c h  c r o s s  w av eg u id e .
The o u t p u t  power i s  f u r t h e r  o p t im iz e d  by r e v e r s e  b i a s i n g  t h e
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d io d e  a t  a  v o l t a g e  s l i g h t l y  l e s s  th a n  i t s  breakdown v o l t a g e .
The o u t p u t  power i s  e s t i m a t e d  t o  w i t h i n  ±5 dB by d e t e c t i n g  w i th
a  1N53 d io d e  co m m erc ia l  c r y s t a l  d e t e c t o r .  H ie  1N53 d io d e  i s
c a l i b r a t e d  a g a i n s t  th e  known o u t p u t  pow ers  from  t h e  f u n d a m e n ta l s .
The p e rfo rm a n c e  o f  t h e  ha rm o n ic  g e n e r a t o r s  d e p e n d s  on
th e  c l e a n l i n e s s  o f  th e  c r y s t a l  and  c a t  w h is k e r  c o n t a c t .  I f  t h e
p e r fo rm a n c e  o f  t h e  g e n e r a t o r  i s  d e g r a d e d ,  t h e  c a t  w h i s k e r  h a s
to  be r e c l e a n e d  a n d / o r  r e - e t c h e d  in  a  KOH s o l u t i o n .  The a v e r a g e
c o n v e r s io n  l o s s  o f  t h e  6 6  GHz harm on ic  i s  a b o u t  *4-0 dB w h ereas
t h a t  o f  t h e  105 GHz harm onic  i s  a b o u t  30 dB.
The r e a s o n  why t h e r e  i s  more l o s s  a t  6 6  GHz th a n  a t
105 GHz i s  b e c a u s e  th e  c r y s t a l s  i n  t h e  two harm on ic  g e n e r a t o r s
a r e  d i f f e r e n t .  The 6 6  GHz h a rm o n ic  g e n e r a t o r  em ployed s i l i c o n
c r y s t a l  m a t e r i a l  from  c a r t r i d g e - m o u n t e d  1N53 d i o d e s .  However, a t
a  l a t e r  s t a g e  o f  t h i s  e x p e r im e n t  we were f o r t u n a t e  t o  h a v e  on lo a n
a  105 GHz harm onic  g e n e r a t o r  an d  a  200 mW V -band  s o u r c e  from
P r o f e s s o r  VI. C. O e l f k e  o f  F l o r i d a  T e c h n o lo g ic a l  U n i v e r s i t y .  The
c r y s t a l  em ployed i n  t h i s  m u l t i p l i e r  i s  an  im p ro v ed  s i l i c o n
c r y s t a l  bombarded w i th  h ig h  e n e rg y  r a d i a t i o n  o b t a i n e d  from  B e l l
T e le p h o n e  L a b o r a t o r i e s .  These  c r y s t a l s  w ere  fo u n d  t o  im prove  th e
p e r fo rm a n c e  o f  t h e  m u l t i p l i e r  u n i t .  The m ethod o f  d e v e lo p m en t
37o f  t h i s  c r y s t a l  i s  d e s c r i b e d  by O h l ,  B u d e n s t e in ,  and  B u r r u s  
o f  th e  B e l l  T e le p h o n e  L a b o r a t o r i e s .
E. M easurem ent o f  J u n c t i o n  V o l t a g e - C u r r e n t  C h a r a c t e r i s t i c s  (V IC s)
A b lo c k  d ia g ra m  o f  t h e  b i a s i n g  c i r c u i t  i s  shown i n  F i g ,  1 4 .
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18a c c o r d in g  to  t h e  c i r c u i t s  d e s c r ib e d  i n  L o n g a c r e 's  p a p e r .  The 
j u n c t i o n  VIC i s  d i s p la y e d  on an o s c i l l o s c o p e  o r  p l o t t e d  on an  X-Y 
r e c o r d e r  by sw eep ing  th e  j u n c t i o n  c u r r e n t  w ith  a  t r i a n g l e  wave 
g e n e r a t o r .  The a t t e n u a t o r  ne tw ork  i s  shown in  F ig ,  1 5 . The f i l m  
s i d e  o f  th e  j u n c t i o n  i s  g rounded  to  th e  m e ta l  dew ar which i n  t u r n  
i s  grounded  to  a  common g ro u n d  on th e  o s c i l l o s c o p e .  To m inim ize  
r f  p ic k  up p ro b lem s low p a s s  LC f i l t e r s  w i th  a  c u t o f f  f r e q u e n c y  
o f  10 kHz a r e  u sed  in  each  o f  th e  l e a d s  t h a t  go es  down t o  th e  
j u n c t i o n .
S in c e  th e  j u n c t io n  r e s p o n s i v i t y  depends on th e  p ro d u c t  o f  
th e  maximum c r i t i c a l  c u r r e n t  I  and th e  j u n c t i o n  dynamic r e s i s t a n c e  
a t  th e  b i a s  p o i n t ,  th e  h i g h e s t  r e s p o n s i v i t y  i s  o b ta in e d  by 
o p t im iz in g  th e  p ro d u c t  on th e  j u n c t i o n  VIC. T y p ic a l  j u n c t i o n
VICs o f  a  50  X f i l m  p o in t  c o n t a c t  j u n c t i o n  i n  th e  a b se n c e  and 
p re s e n c e  o f  microwave r a d i a t i o n  a r e  shown i n  F ig .  l 6a  and l 6 b 
r e s p e c t i v e l y .
F. V ideo D e te c t i o n  Mode
In  th e  v id e o  d e t e c t i o n  mode th e  j u n c t i o n  1b c u r r e n t  b i a s e d  
on th e  j u n c t i o n  VIC a t  a p o i n t  where t h e  dynamic r e s i s t a n c e  i s  
h ig h  a s  shown i n  F ig .  1? a n d  th e  i n c i d e n t  microwave r a d i a t i o n  
i s  chopped o r  s q u a re  wave m odu la ted  a t  a  c o n v e n ie n t  f r e q u e n c y .
The r e s u l t i n g  v o l t a g e  change a t  th e  ch o p p in g  f r e q u e n c y  i s  th e n  
d e t e c t e d  w ith  a  s ta n d a r d  p h ase  s e n s i t i v e  d e t e c t i o n  sy s tem . A 
t y p i c a l  re s p o n se  cu rv e  f o r  a  5 0  X f i l m  p o i n t  c o n t a c t  ju n c t io n  
i r r a d i a t e d  w i th  22GHz r a d i a t i o n  i s  shown in  F ig .  16 .
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N b -T i  W IRE
Erie Technological Products, Inc., EMI Suppression 
Filters Series  12 0 0 _0 9 8 ( cu toff  frequency 10 KHz.
FIGURE 15
S chem atic  Diagram o f  t h e  A t te n u a to r  Network.
Those Components below th e  Dashed L in e  Are in  















I-V  C h a r a c t e r i s t i c s  a n d  V o l t a g e  R e s p o n s e  Curve o f  a  
50 $  F ilm  P o i n t  C o n ta c t  J u n c t i o n *
( a )  I -V  C h a r a c t e r i s t i c  i n  t h e  A bsence  o f  
R a d i a t i o n ;
(b )  I -V  C h a r a c t e r i s t i c  i n  t h e  P r e s e n c e  o f  
5mW 22GHz R a d i a t i o n ;  an d
( c )  V o l t a g e  R e s p o n se  C urve  a t  22GHz.
6?
V
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FIGURE 1?
S c h e m a t ic  V -I C urve  Show ing how A p p l ie d  R a d i a t i o n  CauseB a  
Change I n  Z e ro  V o l t a g e  C u r r e n t  w h ich  i s  C o n v e r te d  t o  a  
V o l ta g e  O u tp u t  by C o n s t a n t - C u r r e n t  E x t e r n a l  B i a s ,  
D ashed  C urve  i s  f o r  R a d i a t i o n  o n ;  S o l i d  C urve  
f o r  R a d i a t i o n  O f f .
CHAPTER IV
EXPERIMENTAL RESULTS AND DISCUSSION
I n  t h i s  c h a p t e r  e x p e r im e n t a l  r e s u l t s  on t h e  r e s p o n s i v i t i e s  
o f  th e  j u n c t i o n  in  b o th  t h e  B f i e l d  a n d  1? f i e l d  c o u p l in g  c o n f i ­
g u r a t i o n s  a r e  p r e s e n t e d .  C o m p ariso n s  a r e  made t o  t h e  c a l c u l a t e d  
r e s p o n s i v i t i e s  and to  o t h e r  e x p e r im e n t s .
-  - *
A. B F i e l d  C o u p lin g  Scheme
The r e s p o n s i v i t y  o f  a  t h i n - f i l m - p o i n t - c o n t a c t  j u n c t i o n  in  
th e  B f i e l d  c o u p l in g  scheme i s  c a l c u l a t e d  i n  t h e  f o l l o w i n g  wayi 
From Eq. (76 )  o f  C h a p te r  I I  t h e  v o l t a g e  r e s p o n s e  o f  t h e  
j u n c t i o n  i n  t h e  p r e s e n c e  o f  low l e v e l  m onochrom atic  r a d i a t i o n  i s
A V = |_ --Xw B° e - t / -^ f> J (76)
xo
where t h e  sym bols  a r e  d e f i n e d  i n  C h a p te r  I I  and  w i l l  n o t  be 
r e p e a t e d  h e r e .  I f  th e  m icrow ave r a d i a t i o n  i s  t r a n s m i t t e d  th ro u g h  
a  r e c t a n g u l a r  w aveguide  i n  t h e  TE m odes, t h e  t o t a l  p ow er t r a n s m i t t e d
3 ■= r e l a t e d  to  t h e  a m p l i tu d e  o f  th e  m a g n e t ic  f i e l d  by t h e  f o l l o w i n g
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e x p r e s s i o n  :
FT - f J ? 3  ( I 2 ) '  j *  - < | ) 2 «*>
~  o
where a  and  b ( a  g r e a t e r  th an  b) a r e  t h e  i n n e r  d im e n s io n s  o f  
th e  g u id e ,  jx ,  and  £  a r e  t h e  p e r m e a b i l i t y  a n d  p e r m i t t i v i t y
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r e s p e c t i v e l y  o f  t h e  medium. In  th e  medium u n d e r  c o n s i d e r a t i o n  
w hich  i s  e i t h e r  a i r  o r  h e l iu m  v ap o u r  = yU.Q and €  w  C  , 
N ,  = 2a i s  t h e  c u t - o f f  w a v e le n g th  o f  th e  w av eg u id e ,  an d  X . I s  
t h e  t r a n s m i t t e d  w a v e le n g th  i n  th e  g u i d e .  F o r  s i m p l i c i t y  l e t  
u s  assum e t h a t  t h e  m a g n e t ic  f i e l d  t h r e a d i n g  th e  j u n c t i o n  i s  th e  
¥  f i e l d  i n  th e  TE modes. W r i t i n g  Bq i n  te rm s  o f  P?  in  Eq. (8 6 )  
and  s u b s t i t u t i n g  i n t o  Eq. ( ? 6 )  we g e t i
A V = -*-co^ D ab
8 A
•ft\we - t / K
i
(87)
N ote  t h a t  ? T , t h e  t o t a l  pow er t r a n s m i t t e d  I s  n o t  t h e  same a s  
P, th e  I n c i d e n t  power on t h e  j u n c t i o n  i n  t h e  d e f i n i t i o n  o f  t h e  
j u n c t i o n  r e s p o n s i v i t y .  S in c e  th e  e x a c t  v a lu e  o f  P i s  n o t  e a s i l y  
m easu re d  we c o u ld  o n ly  d e f i n e  o u r  j u n c t i o n  r e s p o n s i v i t y  a s i
H AV
I Rn co  D we
- t / X  ^
( 88 )
I n  th e  above e q u a t i o n  I  , , and  w a r e  t h e  j u n c t i o n  p a r a m e te r s
a n d  a r e  e a s i l y  m e asu re d .  a ,  b and  X .Q a r e  t h e  w aveguide  
p a r a m e te r s  and  d e p en d  on t h e  s i z e  o f  t h e  w avegu ide  u s e d .  X  
i s  m easured  by a  w avem eter a n d  s h o u ld  be v e ry  c l o s e  t o  t h e  f r e e  
s p a c e  w a v e le n g th .  TTie r e m a in in g  q u a n t i t y  i s  "X. , t h e  p e n e t r a t i o n  
d e p t h  o f  t h e  f i l m ,  which I s  n o t  an e a s i l y  m e a s u ra b le  q u a n t i t y .  
However, It, i s  e s t i m a t e d  in  t h e  f o l l o w i n g  way.
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As m e n t io n e d  i n  C h a p te r  I I ,  X. d e p en d s  on t h e  mean f r e e  
p a t h ,  X  , o f  t h e  sam p le .  F o r  a  t h i n  f i l m  sam ple w i th  t h e  
t h i c k n e s s  o f  th e  sam ple  s m a l l  com pared t o  t h e  o t h e r  d im e n s io n s  
o f  th e  sam p le ,  X  i s  r e s t r i c t e d  by th e  t h i c k n e s s  o f  t h e  f i l m .
Also  i f  X  i s  s m a l l  com pared  to  t h e  r a n g e  o f  c o h e r e n c e ,  th u  
e f f e c t i v e  ra n g e  o f  c o h e re n c e  i s  a p p r o x im a te ly  equal. t o  X  [E q . ( 8 4 ) ,  
C h a p te r  I I ] .  F o r  Nb, ^  i s  * 5 0 0  X. The f i l m  t h i c k n e s s  s t u d i e d  
r a n g e s  from  50  X to  5 0 0  X. I n  t h i s  r a n g e  o f  f i l m  t h i c k n e s s  X  
i s  s m a l l e r  t h a n  o r  e q u a l  to  5 0 0  X. H ence , to  a  f i r s t  o r d e r  
a p p ro x im a t io n  ^  i s  a p p r o x im a te ly  e q u a l  t o  X  a n 8  ^  -^s  g iv e n
a s  i
where X-^ f o r  Nb i s  e q u a l  to  480 X a t  4 .2 ° K .
The e s t i m a t e d  v a l u e s  f o r  X  a r e  l i s t e d  i n  T a b le  I I I .
The mean f r e e  p a t h s  a r e  e s s e n t i a l l y  th e  same a s  t h e  f i l m  t h i c k ­
n e s s e s  i n  th e  r a n g e  c o n s i d e r e d .  An o x id e  t h i c k n e s s  o f  a b o u t  
10 X grown on to p  o f  t h e  sam ple  f u r t h e r  l i m i t s  t h e  mean f r e e  
p a th ,  w h ich  becomes im p o r t a n t  f o r  v e r y  t h i n  f i l m s .  T h i s  i s  t a k e n  
i n t o  a c c o u n t  f o r  t h e  t h r e e  t h i n n e s t  f i l m s  c o n s i d e r e d .
A p l o t  o f  t h e  e s t i m a t e d  p e n e t r a t i o n  d e p t h s  v e r s u s  f i l m  
t h i c k n e s s e s  i s  shown In  F ig .  1 8 .  The e s s e n t i a l  f e a t u r e s  a r e  t h a t  
X. i s  t h r e e  to  f o u r  t im e s  l a r g e r  th a n  t h a t  o f  t h e  b u lk  v a l u e  
f o r  a  50  X f i l m  and X  a p p r o a c h e s  f o r  5 0 0  X o r  t h i c k e r
f i l m s .
( 8 9 )
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TABLE I I I
CALCULATED PENETRATION DEPTHS
Film
T h ic k n e ss
t, (X)
Mean 
F re e  P a th
(X)
P e n e t r a t i o n
D epth
A, (X)
.50 ko 1 ? 0 0
100 90 1 1 3 0
2 0 0 1 9 0 7 8 0
3 0 0 300 6 2 0
*fOO i+oo 5 L 0


























P l o t  c*' P e n e t r a t i o n  Depth  V e rsu s  F i lm  T h i c k n e s s
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I n  th e  p r e s e n t  e x p e r im e n t  a  K -band  w av eg u id e  i s  u s e d  f o r  
a l l  th e  f r e q u e n c i e s  from  22GHz t o  105GHz, The w av eg u id e  p a r a m e t e r s  
a r e :  a  ~ 1 .0 ?  cm, b = ,*+32 cm a n d  = 2.1*1 cm, w h ich  c o r r e s p o n d s
t o  a  c u t - o f f  f r e q u e n c y  o f  14 .1G H z.
The j u n c t i o n  p a r a m e t e r s  ( I  > Rjj i aJ^d w) v a r y  from  
j u n c t i o n  to  j u n c t i o n  b e c a u s e  no  two j u n c t i o n s  a r e  i d e n t i c a l l y  
th e  sajne . Even d u r i n g  th e  same r u n  t h e  j u n c t i o n  p a r a m e t e r s  a r e  
changed  t o  o b t a i n  t h e  optimum r e s p o n s i v i t y  by v a r y i n g  t h e  IV 
c h a r a c t e r i s t i c s  o f  t h e  j u n c t i o n .  The a v e r a g e  v a l u e s  f o r  I  and  
a r e  r e s p e c t i v e l y  2 0 0 ^UA a n d  10 ohms f o r  j u n c t i o n s  w i t h  h ig h  
r e s p o n s i v i t i e s .  The a v e r a g e  v a l u e  o f  w a f t e r  th e  ru n  i s  a b o u t
_ t
8x10 m b e c a u s e  t h e  t i p  o f  t h e  p o i n t  i s  u s u a l l y  f l a t t e n e d  by t h e  
Nb f i l m  on th e  s a p p h i r e  s u b s t r a t e .
U s in g  t h e  a v e r a g e  t y p i c a l  v a l u e s  f o r  t h e  j u n c t i o n  p a r a ­
m e te r s  a n d  t h e  e s t i m a t e d  p e n e t r a t i o n  d e p t h s  f ro m  T a b le  I I I ,  t h e  
j u n c t i o n  r e s p o n s i v i t i e s  a s  a  f u n c t i o n  o f  f r e q u e n c y  an d  f i l m  t h i c k ­
n e s s  a r e  c ? . l c u l a t e d  u s i n g  Eq. ( 8 8 ) .  The c a l c u l a t e d  a n d  m easu re d
r e s p o n s i v i t i e s  a r e  shown i n  T a b le  IV. The a v e r a g e  m e a s u re d  
r e s p o n s i v i t y  i s  t h e  com bined  a v e r a g e  o f  a l l  t h e  r u n s  w i t h  a  
j u n c t i o n  o f  t h e  same t h i c k n e s s .  I b e r e  a r e  no  d a t a  f o r  66GHz an d  
105GHz f o r  a  j u n c t i o n  w i th  a  100 X o r  t h i c k e r  f i l m  b e c a u s e  t h e  mm 
wave p o w e rs  g e n e r a t e d  by th e  h a rm o n ic  g e n e r a t o r s  a r e  n o t  p o w e r fu l  
enough  t o  p ro d u c e  a  d e t e c t a b l e  c h a n g e  i n  t h e  j u n c t i o n  VIC.
P l o t s  o f  j u n c t i o n  r e s p o n s i v i t y  v e r s u s  f i l m  t h i c k n e s s  a r e  
shown i n  F i g .  19 a n d  F i g ,  20 f o r  22GHz a n d  3 5  Ghz r e s p e c t i v e l y .
The s o l i d  c u r v e s  a r e  t h e  c a l c u l a t e d  r e s p o n s i v i t y  c u r v e ,  t h e  open
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TABLE IV
RESPONSIVITY VS. FREQUENCY FOR VARIOUS POINT 
CONTACT CONFIGURATIONS
R e s p o n s i v i t y  V/w 22GHz 35GHz 66GHz 105GHz
15 f i e l d  c o u p l i n g  
50 X Nb ^11™ an d 
N b-T i p o i n t
5 . 1 x l 0 - 2  
(6x10  2 )
1 . 7 x l 0 " 2
( 2 . 5 x l 0 “2)
4 . 5 x l 0 “3
( ? . 5 x l O - 3 )
1 . 7 x l 0 -3
( 3 x l0 * 3 )
B f i e l d  c o u p l in g  
100 ^ Nb f i l m  and  
Nb-Ti p o i n t
2 .0 x l 0 ~ 2
( 2 x l 0 “2 )
6 . 4 x l 0 ~ 3
( ? x l 0 - 3 )
1 . 7 x l 0 _3 0 . 7 x l 0 -3
B f i e l d  c o u p l i n g  
200 % Nb f i l m  and  
N b-T i p o i n t
0 . 7 x l 0 “ 2
(8 x lO - 3 )
2 .2 x l 0 ~ 3
( 2 . 3 x l 0 - 3 )
- 45-9x10 -42 .3 x 1 0
B f i e l d  c o u p l in g  
5 0 0  ^ ^  f i l m  and  
N b-T i p o i n t
5*4x10“^
(5X10-4 )
1 . 8 x 1 0 '^
. - 4 \  
(2 .5 x 1 0  )
4 . 7 x l 0 “ 5 1 .9 x l O -5
**E f i e l d  c o u p l i n g  
N b-T i s h e e t  and  
N b-T i p o i n t
1 . 5 x l 0 6
( 3 . 6 x l 0 5 )
4 . 4 x l 0 5
(6 x 1 0 ^ )
1 .3 5 x l 0 5 
( 1 .5 x 1 0 ^ )
3 .4 x l 0 4
( 6 . 8 x l 0 4 )
**E f i e l d  c o u p l in g  
N b-T i s h e e t  and  
Nb p o i n t e d  p o s t
1 . 5 x l 0 6
( 4 , 3 x l 0 5)
4 . 4 x l 0 5
(8 x 1 0 ^ )
1.35x10"*
( l . 6 x l 0 5 )
3 .4 x 1 0 ^
(5 -1 x 1 0 ^ )
**E f i e l d  c o u p l i n g  
50 X Nb f i l m  and 
N b-T i p o i n t
1 . 5 x l 0 6
( 9 x l0 4 )
4 .4 x 1 0 ^
(4 x 1 0 ^ )
1 . 3 5 x l 0 5
( 5 .4 x 1 0 ^ )
3 .4 x 1 0 ^
(3 .3 x 1 0 ^ )
* R e s p o n s i v i t i e s  in  p a r e n t h e s e s  a r e  a v e r a g e  m e a su re d  r e s p o n s i v i t y .
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FIGURE 19
















B F I E L D  C O U P L IN G  





( 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0
o
FILM  TH IC K N E S S  (A)
FIGURE 20
P l o t  o f  . J u n c t i o n  R e s p o n s i v i t y  a t  35GHz, V e r s u s  F i lm  T h i c k n e s s
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c i r c l e s  a r e  t h e  a v e r a g e  m e a s u re d  r e s p o n s i v i t i e s  a n d  t h e  "bars 
c o r r e s p o n d  t o  one  s t a n d a r d  d e v i a t i o n .  The num ber i n  p a r e n t h e s i s  
r e p r e s e n t s  t h e  n u n b e r  o f  i n d i v i d u a l .  IV c h a r a c t e r i s t i c s  u s e d  In  
t h e  c a l c u l a t i o n  o f  t h e  mean a n d  s t a n d a r d  d e v i a t i o n .  The m e a s u re d  
r e s p o n s i v i t y  a g r e e s  q u i t e  w e l l  w i th  t h e  c a l c u l a t e d  o n e .
B. E F i e l d  C o u p l in g  Scheme
In  t h i s  c o u p l i n g  c o n f i g u r a t i o n  shown i n  F i g .  21 t h e  p o i n t  
c o n t a c t  j u n c t i o n  i s  p u t  a c r o s s  a  w a v e g u id e  w i th  i t s  a x i s  l y i n g  
a l o n g  th e  l i n e s  o f  maximum E f i e l d .  The v o l t a g e  i n d u c e d  a c r o s s
t h e  j u n c t i o n  i s :
I s  an  e f f e c t i v e  j u n c t i o n  t h i c k n e s s  o f  t h e  o r d e r  o f  tw ic e  t h e  
p e n e t r a t i o n  d e p t h  o f  t h e  s u p e r c o n d u c t o r  f o r m in g  t h e  j u n c t i o n .
The r e s p o n s i v i t y  o f  t h e  j u n c t i o n  i n  t h i s  c o u p l i n g  schem e 
i s  c a l c u l a t e d  i n  t h e  f o l l o w i n g  way:
The t o t a l  t r a n s m i t t e d  power t h r o u g h  a  l o s s l e s s  r e c t a n g u l a r  
w av eg u id e  i s  r e l a t e d  to  t h e  a m p l i t u d e  o f  t h e  e l e c t r i c  f i e l d  o f
19t h e  m icrow ave  r a d i a t i o n  i n  t h e  TM m odes by  t h e  f o l l o w i n g  e x p r e s s i o n
V., = E d1 o (9 0 )
w h e re  Eq i s  t h e  a m p l i t u d e  o f  t h e  E f i e l d  a t  t h e  j u n c t i o n  a n d  d
E'o
2 ( 9 1 )
w h e re  t h e  sy m b o ls  have  t h e  same d e f i n i t i o n s  a s  i n  E q , ( 8 6 ) .  










Schem atic  Drawing o f  th e  E F ie ld  C oup ling  Scheme
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e q u a t i o n  f o r  i n  Eq. ( 6 9 ) i n  C h a p te r  I I  f o r  th e  v o l t a g e  r e s p o n s e  
o f  th e  j u n c t i o n  in  t h i s  c o u p l in g  scheme, we o h t a i m
I  R .d 2?™
= — --w  Ao E ,  T , . 1 . u  C f = ) 2 (92)
* .  * V
But th e  power i n p u t  t o  t h e  j u n c t i o n  i s  o n ly  a  s m a l l  f r a c t i o n  o f  
P.p due to  im pedance m ism atch  be tw een  th e  w avegu ide  a n d  t h e  p o in t  
c o n t a c t  j u n c t i o n .  S u b s t i t u t i n g  P = fP ^  i n  Eq. (9 2 )  we o b t a i n
th e  j u n c t i o n  r e s p o n s i v i t y  a s t
a T7 I  Rnd ^ / fD a  ^  = .■ CQ D . . _     „ / e  ^2R * p _ab rr , r.— n c c r  ( t s } (93)j fJ I  yTTTXy
The f r a c t i o n  o f  pow er a b s o r b e d  by th e  j u n c t i o n ,  f ,  i s  e s t i m a t e d  
by th e  e q u i v a l e n t  c i r c u i t  o f  t h e  j u n c t i o n  a s  shown i n  F i g .  6 , 
When t h e r e  i s  a  m ism atch  betw een  t h e  c h a r a c t e r i s t i c  im pedance  
o f  th e  w avegu ide  and  t h e  l o a d  im pedance  o f  t h e  j u n c t i o n ,  t h e  
f r a c t i o n  o f  maximum p o s s i b l e  power a b s o r b e d  by t h e  c i r c u i t  from
4ot h e  s o u rc e  i s  g iv e n  by j
4R R
f ' | Ko +  RL + 1 XI , | 2  ( 9 i 0
where Rq Is the c h a r a c t e r i s t i c  im pedance  o f  t h e  g u id e  a n d  
= R^ + th e  l o a d  im pedance  o f  t h e  j u n c t i o n .
The main c o n t r i b u t i o n  t o  th e  i n d u c t a n c e ,  L, o f  t h e  j u n c t i o n  
i s  th e  l e n g t h  o f  t h e  p o i n t e d  w ire  a c r o s s  t h e  w av eg u id e .  The 
in d u c ta n c e  o f  a  s t r a i g h t  w ire  o f  d i a m e t e r  .6 4  mm and l e n g t h  1 mm
80
i s  2 ,2  x 10 10 Henry. The c a p a c i t a n c e  o f  th e  j u n c t i o n  i s  
0 -  , where e = 20 £ f o r  N b^o/*1 a t  1010GHz, d i s  th e  o x id e
□ O 2  p
2t h i c k n e s s  o f  th e  j u n c t i o n  and A = 'fr r  i s  t h e  a r e a  o f  t h e  j u n c t i o n .
_ 5
The e s t i m a te d  d im e n s io n e o f  t h e  j u n c t i o n  a r e  r  = 10 m and d =
20 X which g iv e  a  ju n c t io n  c a p a c i t a n c e  o f  28 pF. Note  t h a t  t h e
j u n c t i o n  w id th  i s  s m a l l e r  th a n  th e  p r e v io u s  c a s e  b e c a u se  th e
p o i n t  do es  n o t  have to  push a s  h a rd  on a  s u p e r c o n d u c to r  a s  i t
h a s  to  on a Nb f i lm  on a  s a p p h i r e  s u b s t r a t e  t o  form a  j u n c t i o n .
The j u n c t i o n  r e s i s t a n c e  in  th e  norm al s t a t e  i s  a b o u t  10 ohms.
U sing th e  above v a lu e s  f o r  L, 0 ,  and and th e  c h a r a c t e r i s t i c
impedance of’ a K-band w aveguide , th e  f r a c t i o n ,  f ,  f o r  a p a r t i c u l a r
freq u e n cy  i s  c a l c u l a t e d .
The e s t im a te d  v a lu e  f o r  d in  Eq. (93) i s  1000 X w hich
i s  ab o u t tw ic e  the  p e n e t r a t i o n  d e p th  o f  Nb a t  4 '.2°K. T y p ic a l
U
v a lu e s  o f  I and a r e  200 llA and  10 ohms f o r  o u r  j u n c t i o n s .co ii *
All th e  e x p e r im e n ts  a r e  pe rfo rm ed  w i th  th e  j u n c t i o n  i n s i d e  a  K- 
band w avegu ide . The f r e q u e n c y  ra n g e  s t u d i e d  i s  from 22GHz to  
105GHz. The waveguide i s  t e r m in a te d  w i th  an a d j u s t a b l e  s h o r t  w hich 
i s  s e t  a t  a d i s t a n c e  o f  a  l / 4  f r e e  s p a c e  w av e len g th  o f  22GHz 
from th e  j u n c t i o n .  T h is  d i s t a n c e  i s  s e t  b e f o r e  th e  run  and  
c a n n o t  be a d ju s t e d  d u r in g  th e  r u n .  Hence, t h e  IT f i e l d  a t  th e  
j u n c t io n  i s  a p p ro x im a te ly  maximized o n ly  to  22 and  66GHz b u t  n o t  
to  35 and 1050Hz.
The c a l c u l a t e d  r e s p o n s i v i t i e s  u s in g  Eq. (9 3 )  and th e  
m easured r e s p o n s i v i t i e s  f o r  t h r e e  d i f f e r e n t  j u n c t i o n s  a r e  l i s t e d  
in  th e  lo w er h a l f  o f  T ab le  IV. The e s t i m a te d  e r r o r  f o r  th e  22GHz
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and 35GHz m easu rem en ts  i s  + 10% due t o  u n c e r t a i n t i e s  i n  t h e  r a t e d  
power o u t p u t s  o f  t h e  s o u r c e s .  The e s t i m a t e d  e r r o r  f o r  t h e  66GHz 
and 1 0 5 GHz m ea.surem ents i s  + 20% due t o  t h e  a d d i t i o n a l  u n c e r t a i n t i e s  
in  th e  pow er o u t p u t s  o f  th e  h a rm o n ic  g e n e r a t o r s .
The m easu red  v a l u e s  o f  r e s p o n s i v i t y  a r e  g e n e r a l l y  lo w e r  
th a n  th e  p r e d i c t e d  v a l u e s  e s p e c i a l l y  f o r  35GHz, T h i s  i s  due to  
t h e  f a c t  t h a t  th e  j u n c t i o n  c o n f i g u r a t i o n  i s  d e s ig n e d  f o r  w ide 
band d e t e c t i o n  and i s  n o t  t u n e d  to  any  p a r t i c u l a r  f r e q u e n c y .  The
o
\/u>  d ep en d en ce  p r e d i c t e d  in  Eq , (9 3 )  i s  a p p r o x im a te ly  fo l lo w e d  
by a l l  t h e  j u n c t i o n s .  The low r e s p o n s i v i t i e s  f o r  th e  50 X f i l m  
j u n c t i o n  i s  due  t o  a  lo w e r  c r i t i c a l  c u r r e n t  d e n s i t y  in  th e  f i l m
which r e d u c e s  I  o f  t h e  j u n c t i o n .co
Our m easu red  r e s p o n s i v i t i e s  a l t h o u g i  s l i g h t l y  lo w e r  a r e
c o m p arab le  t o  t h e  r e p o r t e d  r e s p o n s i v i t i e s  i n  t h e  e x p e r im e n t s  o f
4  5
R a n t e r  and  Vernon and  D iv in  and  N ad* .
CHAPTER V
CONCLUSION AND FUTURE EXPERIMENTS
Our e x p e r im e n t s  show t h a t  th e  r e s p o n s i v i t y  I n  t h e  B f i e l d  
c o u p l i n g  scheme i s  low com pared  to  t h a t  I n  th e  E f i e l d  c o u p l in g  
schem e. The r e a s o n  f o r  t h i s  i s  t h a t  i n  t h e  B f i e l d  c o u p l in g  
scheme d e s c r ib e d  in  t h i s  e x p e r im e n t  t h e  r a d i a t i o n  B f i e l d  i s  n o t  
s t r o n g l y  c o u p le d  to  th e  j u n c t i o n .  T h e re  a r e  a t  l e a s t  two ways 
t o  im prove on t,he r e s p o n s i v i t y  o f  th e  B f i e l d  c o u p l i n g  scheme.
One i n v o l v e s  th e  u se  o f  a  d o u b le  p o i n t  c o n t a c t  j u n c t i o n  to  i n c r e a s e  
th e  m a g n e t ic  f l u x  t h r e a d i n g  t h e  j u n c t i o n s  and  th e  o t h e r  i n v o l v e s  
th e  u s e  o f  a  F a b r y - P e r o t  r e s o n a n t  c a v i t y  to  i n c r e a s e  t h e  f i e l d  
i n t e n s i t y  a t  th e  j u n c t i o n .  T hese  two m e th o d s  a r e  d i s c u s s e d  
b e lo w ,
The f i r s t  method i s  t o  make a  d o u b le  p o i n t  c o n t a c t  
j u n c t i o n  on th e  f i l m  i n s t e a d  o f  j u s t  a  s i n g l e  p o i n t  c o n t a c t  a s  
in  th e  p r e v i o u s  c a s e  ( F i g .  2 2 ) .  I f  t h e  two J o s e p h s o n  j u n c t i o n s  
a r e  i d e n t i c a l  and  a r e  c o n n e c te d  in  p a r a l l e l  t h e  maximum s u p e r ­
c u r r e n t  f lo w in g  th ro u g h  th e  two j u n c t i o n s  i s  g iv e n  by t h e  
f o r m u l a ^
I - 21max co
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s i n  ( T  j y  $Q ) ^ i n t













S c h e m a t ic  D raw in g  o f  a  D oub le  P o i n t  C o n t a c t  J u n c t i o n  
i n  t h e  5  F i e l d  C o u p l in g  Scheme
8 4
w here I i s  th e  maximum c r i t i c a l  c u r r e n t  o f  a  s i n g l e  j u n c t i o n ,co
^  i s  th e  m ag n e t ic  f l u x  e n c lo s e d  by each  j u n c t i o n  and
i s  th e  f l u x  e n c lo s e d  i n  th e  lo o p  form ed by th e  two j u n c t i o n s .  The
s i n e  term  i s  th e  m o d u la t io n  o f  I  due to  th e  m a g n e t ic  f l u x
CO
t h r e a d i n g  th e  i n d i v i d u a l  j u n c t i o n s  and  th e  c o s in e  te rm  i s  th e
m o d u la t io n  due to  the  m ag n e t ic  f l u x  t h r e a d i n g  th e  lo o p  o f  th e
j u n c t i o n s .  F o r  r a d i a t i o n  coming th ro u g h  th e  back o f  th e  f i l m
I  . = X.wB e and Jo , = XLB e , where w and  L a r eo x i n t  o
th e  w id th  and s e p a r a t i o n  o f  th e  j u n c t i o n s  r e s p e c t i v e l y .  S ince
L i s  u s u a l l y  much l a r g e r  th a n  w o f  th e  i n d i v i d u a l  j u n c t i o n s ,  th e
c o s in e  term in  Eq. (95) v a r i e s  much f a s t e r  than  th e  s i n e  te rm .
F o r  low l e v e l  r a d i a t i o n  su ch  t h a t  I . i .  . «  $ , a  f l u xx j  * i n t  xo
quantum , we o n ly  need to  c o n c e n t r a t e  on t h e  c o s in e  te rm .  F o l lo w in g  
a s i m i l a r  d e r i v a t i o n  l e a d i n g  to  Eq. (7 6 )  f o r  a  s i n g l e  p o in t  
c o n t a c t ,  th e  r e s p o n s i v i t y  o f  a  d o u b le  p o i n t  c o n t a c t  i s  o b ta in e d
a s :
T „ tt\L B
it at co D [_ -------
P
Comparing E q . (9 6 )  w i th  Eq. (76) we s e e  t h a t  R i s  i n c r e a s e d  by
2
a  f a c t o r  o f  (l/w) f o r  a  d o u b le  p o i n t  c o n t a c t .  Note t h a t  L is
l i m i t e d  by th e  w av e len g th  o f  th e  i n c i d e n t  r a d i a t i o n .  F u r t h e r
i n c r e a s e  in  L r e s u l t s  i n  a  r e d u c t io n  o f  I ,  .b e c a u s e  o f  c a n c e l l a t i o nxi n t
o f  th e  f i e l d s .
P r e l i m in a r y  e x p e r im e n ts  w i th  a  50 ^ f i l m  d o u b le  p o i n t  
c o n ta c t  j u n c t i o n  w ith  a  s e p a r a t i o n  o f  a b o u t  1 mm show an i n c r e a s e
■ t / K
(96)
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In  R o f  two o r d e r s  o f  m a g n i tu d e  a t  22GHk f ro m  a  s i n g l e  p o i n t
 ^ 2
c o n t a c t  in  t h e  B f i e l d  c o u p l i n g  c o n f i g u r a t i o n .  (L /w ) i s  a b o u t
150 i n  t h i s  c a s e .  One o f  t h e  d i f f i c u l t i e s  i n  t h i s  e x p e r im e n t  
i s  to  t r y  to  make two j u n c t i o n s  s i m u l t a n e o u s l y  w i th  o n e  p o i n t  
c o n t a c t  a d j u s t i n g  m echanism .
A n o th e r  m ethod  i s  t o  u s e  a  s e m i c o n f o c a l  t y p e  F a b r y - P e r o t  
r e s o n a t o r  ( F i g .  23 )  t o  i n c r e a s e  t h e  13 f i e l d  a t  t h e  j u n c t i o n .
The r e s o n a t o r  i s  b e l i e v e d  to  be m ost s u i t a b l e  f o r  o p e r a t i o n  in  
th e  m i l l i m e t e r  wave r e g i o n .  I t  c o n s i s t s  o f  two c i r c u l a r  r e f l e c t o r s  
b e tw e e n  w hich  s t a n d i n g  wave TEM modes a r e  m a i n t a i n e d .  One 
r e f l e c t o r  I s  a  c o n ca v e  s p h e r i c a l  m i r r o r  th r o u g h  w hich  i s  p a s s e d  
a  m i l l i m e t e r  w a v e g u id e .  P ow er i s  c o u p l e d  I n t o  t h e  c a v i t y  th r o u g h  
th e  w a v e g u id e .  The o t h e r  r e f l e c t o r  i s  a  p l a n a r  s u r f a c e  fo rm ed  
by a  f i l m  o f  a  s u p e r c o n d u c t o r .  C o n t a c t  i s  made t o  t h e  c e n t e r  
o f  t h e  f i l m  w here  t h e  f i e l d s  a r e  h i g h .  To f a c i l i t a t e  c o u p l i n g  
o f  pow er o u t  o f  t h e  c a v i t y  an d  i n t o  t h e  j u n c t i o n  a  s m a l l  a r e a  
o f  t h e  f i l m  a t  t h e  j u n c t i o n  I s  made t h i n  com pared  t o  t h e  p e n e ­
t r a t i o n  d e p t h  o f  t h e  f i l m .  Means h a v e  t o  be  p r o v i d e d  f o r  a d j u s t i n g  
th e  d i s t a n c e  b e tw een  t h e  two r e f l e c t o r s  so  t h a t  t h e  c a v i t y  c a n  
be  tu n e d  to  a  b r o a d  r a n g e  o f  f r e q u e n c i e s .  "While t h i s  m ethod 
o f  c o u p l i n g  w i l l  e n h an c e  t h e  m a g n e t ic  f i e l d  a t  t h e  j u n c t i o n  a n d  
t h e r e f o r e  t h e  r e s p o n s i v i t y ,  t h e  f i e l d s  a t  t h e  j u n c t i o n  a r e  n o t  
e a s i l y  c a l c u l a t e d .
The e s t i m a t e d  c o u p l i n g  c o e f f i c i e n t s  f o r  t h e  E f i e l d
— f  —^
i n  t h e  B f i e l d  a n d  E f i e l d  c o u p l i n g  sch em es  s t u d i e d  a r e  o f  t h e














S c h e m a t ic  Diagram o f  a  F a b r y - P e r o t  R e s o n a to r  C oupled 
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r e s p o n s i v i t i e s  in  o u r  e x p e r im e n t s .  Our c o n c lu s io n  i s  t h a t  f o r  
s u c c e s s f u l  u se  o f  s im p le  Jo se p h so n  j u n c t i o n  d e t e c t o r s  i n  th e  
m i l l i m e t e r  and s u b m i l l im e te r  r e g io n  i t  i s  p ro b a b ly  c r u c i a l  n o t  
o n ly  to  im pedance match t h e  j u n c t i o n  to  th e  r a d i a t i o n  so u rc e  b u t  
a l s o  to  make them a  p a r t  o f  a  r e s o n a n t  s t r u c t u r e .
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